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1. This report is the Final Report on the contract , covering research

ckne on fiber optic coupling devices ckiring the period 4 Jan 1977 w

31 ~~r 1978. The objective of the research ~~s to develop access

conpiers for use In single-strand nultincde fiber optics . Specific

tasks Involved deai~ i approach, fabricatic*i tec1niqi.~ s, test and

evaluation. Access T commplera ~~re fabricated with acceptably low

Insertion losses . A nu±er of experIn~ ital couplers s~ re supplied

for fur ther test and evaluation by the Air Force. 11~ propagation

properties of taper couplers ~~re examined in detail . In addition,

the tecl-nique of optical tln~ -daoaIn reflecta~~try ~~s developed and

refined for the characterization of fiber optic cables .

2. The i~ rk perforriEd tmder this contract is extrai~ly valuable in

providing the groiztciwork for deve1opn~~tt of passive ccmpolxlds in

~~~eral for use in nhilti!lDde fiber optic comiunicat ions.
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SECT iON 1

1NT ROI )U ( .’TION
i

- D u r i n g  t h i s  p rogram , “Components  t or S i n g le  S t r and  Mu l t i nto de F’ i be t ’

Sy stems ” ( F 1 9 h 2 8 — 7 7 — C — O 10  I ) ,  we ( I )  i n v e s t  i g a t ed  I n p u t — o u t p u t coup l i n g

t echn iques  cap a b l e  of p r o v i d i n g  t n i l  dup lex o p e r a t i o n  on a s i n g l e  s t r a n d ,

mu i t  imode f i b e r  wavegul  de ( 2 )  used the  opt Ic  a I t I tue domain  re t i  ct t ome t ~ r

(OTDR) to d e t e r m i n e  t Ib er  a t  t enu at  ton e l i a r a c  t er 1st t e s  ( 
~) I n v e s t  i g.tt  ed

the s t e a d y — s tat e  mode— mixing phenomena o I a 4 — k m  1 engt  it o t graded— i n d e x

a f i b e r ;  (4 ’)  Impr oved  t lie OTUR , and (5)  deve loped  low— i n ser t  i o n —  loss

b i— di r ec  t i t cna I access  coup Ic  r s f o r  mul t [mode t I be r w a vt ’gu i des . Tb i s

report is d i v i d e d  In t o  t h r ee  m a j o r  t o p i c s :

• Taper Coup le r  Studs’

• St u ds ’  and Development  of Access Coup l er s  b r
S i n g l e — S t r a n d  Sy s t e m s

• F i b e r  P a r a m e t e r  S t u dy .

The f i n a l  top  i t ’ is div ided  In to  two sec t ions :

• Modal Charac te r  i s t  ics of Step Index Fibe r s

• Fibe r  Parameter  S tud ie s  w i t h  the O p t i c a l  Time
Domain R e f l e c t o m e t e r .

1 _
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SECTION 2

TAPER COUPLER STUDY

A. INTRODUCTION

Taper couplers  can provide  i n p u t  coup l ing  fo r  f u l l  dup lex operat ion

on a s ing le—st rand  mul t imode f i b e r  (see Figures 1 and 2 ) .  In this

s t u d y ,  we i nves t igated the modal p roper t ies  of a taper coup ler in trans—

mission us ing  a pr ism to launch mode groups i n to  a mult imode f ibe r ,

developed a technique f o r  measuring the  geometrical  character is t ics  of

f i b e r s  and tapered f i b e r s , and we opt imized the input coupling of taper

couplers  so tha t  backsca t te red  l ight  was observed in the OTDR over a

d i s t ance  of 1.8 km in the 4—cm graded index f iber  purchased on th is

c o n t r a c t .  This sect ion considers  prism coup ler techniques for  launching

mode groups , modal t r ansmis s ion  p roper t i e s  of taper coup lers , and taper

measurement  t echni ques .

- ‘ B. PRISM COUPLER TECHNIQUE FOR LAUNCHING MODE GROUPS

The pr i sm coup le r  is a powerful  tool fc r  modal studies of single—

mode i n t e g r a t e d  op t i c s  s t ruc tu re s .  As a result  of an IR&D e f f o r t , we

have s u c c e s s f u l ly used a prism coup ler to exci te  selectively certain

groups of f i b e r  modes. The u l t i m a t e  resolut ion of prism coup lers is

de te rmined  by the  divergence of the input laser beam and the coupling

strength. Using a commercial He—Ne laser with divergence of 1.0 mrad ,

we were able to excite fiber modes in 10 to 20 different groups according

to their effective refractive indices.

In the prism—coup ling configuration , the glass prism is pressed on

an optical fiber with its cladding nearly completely polished off at the

region of contact. Properly aligning the direction of the impinging

radiation on the prism hypotenuse , the energy can be coupled into the

fiber core when the condition of momentum conservation is satisfied .

Input coupling efficiency of 10% can be readily obtained .
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The work on modal  proper t  ics of fibers showed that a good f i b e r  butt

coupler or splice does not Introduce any serious mode mixing In Identical

( s t ep  I ndex f ibers .  By us ing  a p r i s m  coup le r  on a short p igtail and a

butt coupler , the modal properties of fiber components arc easil y

measurable. The results for several such experiments arc discussed in

this report. The measurements  on taper  coup le r s  are descr ibed in the

next section .

C. MODAL TRANSMISSION PROPERTIES OF TAPER COUPLERS

The modal dependence of l ight transmission through a taper coup ler

was measured . In the experiment , a tapered optical fiber was butt coup led

to a short p igtail of fiber on which  a glass  coup l i n g  p r i s m  had been

pressed (Figure 3). When the two fibers are aligned properl y, there is

no mode mixing at the butt joint. The output power after the tapered

section was measured as different mode groups were excited by changing

the angle of incidence on the prism . The Input power was measured after

cleaning the fiber near the butt joint. The ratio of the output to input

power is defined as the insertion loss of the taper.

Figure 4 shows the insertion loss measurement for a tapered fiber

(25’mil elongation) when it was exposed to air. The insertion loss

increases from about 1 dB for n °‘~ 1.47 to 6 dli for ii ‘~ 1.458. Thiseff elf
gener al beha v io r was expected sin ce the higher order modes are more

susceptible to radiation loss. The effect of covering the taper wi th

diiodomethane (n — 1.74)  is to increase the out coupling of the higher

order modes. Figure 5 ShOWS the results of insertion loss measurement

for another taper with an elongation of 20 m u .  The measurement was

tkaen when the tapered fiber section was immersed in diiodomethant’. The

t ransmission efficiency for higher order modes (fl f f  < 1.460) Is less

than 6% (—12.2 dli). The lower order modes are less affected by the

presence of diiodomethane because the modal intensity distribution is

peaked near the center of the fiber core. In addition , the fiber elonga-

tion is shorter than the one in Figure 4. Hence, relatively high trans-

mission efficiency was measured for lower order modes. Figure 6 shows i 
-

the output power distribution before and after the tapered section was

13
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Immersed in d i iodome t l t anc . The input modal distribution corresponded t o

a group of modes w i t h  li f t . 1.460 . When compared w i t h  t h e  input power

distribution , these far—field pictures Indicate that the taper u l i l s e S  50111k

mode m i x i n g  as evidenced by a wider ring structure. The ring p i t  t e r n  in

Fi gure 6(a)  has almos t u n i f o r m  in tensity  for a taper exposed to air; all

the modes In the ring were equal ly attenuated . However , the r i n g  s t r ut —

cure in Figure 6(b) has a higher intensity around the inner edge, m di-

cating tha t the higher order modes are coupled out more in the tapered

sect ion.

I) . TAPER MEASUREMENT TECHNIQUES

The low—loss  f i b e r  is very t r a n s p a r e n t  and is c y l i n d r i c a l , w h t i e h

makes i t  ve ry  d i f f i c u l t  to accu ra t e ly d et e r m i n e  d imensions  of tapered

sect ions  in the  f i b e r  w i t h  an o p t i c a l  microscope .  D u r i n g  t h i s  st u d ~~,

a novel  techni que fo r  determining t h e  geisne t r i  a I eharac t e r  I s t  I s i i i

f i b e r s  and tapered f i b e r s  was developed .

If  a narrow beam of t i ght  I l l u mi n a t e s  the  taper , the  l i gh t  tha t

p r o p a g a t e s  through the  f i b e r  w i l l  be d e f l e c t e d . The pa rax ial  aug  i t  ol ’

d e f l e c t i o n , ~i , is given by

s -in p 2 n’— — I tan I i  , ( 1)
\o  /

where a, is  the t a p e r — a n g l e , n is the average r e f r a c t  lye index

= 1 
1

r 

n(p) dp ,

and n i s  t h e  Index  of t he  s u r r o u n d i n g  med I u rn .

The de fl e ct ion ang le  p cfi n l,e d e t e r m i n e d  by measur ing  t he p o s I t  I on

of t t ie deli ect ed  beam w i t h  r e s 1u e t ’ t to the  ~h t f  I r a t ’ t ion pat tern o I’ t h e  lueuiin

e n t r a nc e  si  i t .  For .1 s I  i t  of w i d t h  I , tht~ angular posit lou ot t h e  ce F t u S

( m i n i m a ) of the d i i i  r~ict  ion patter n is given by

18 
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p = N \ / h  , ( 1 )

• where the i n t e ’ger N is the order  of t h e minim a . Out I he’ o t h e r  h i n d , t h e ’

light that passes around tlte fiber is no t  de’f I ecte’d , and tie C l iss h i t  I

ease ’ of d i f f r a c t  ion f rom a r e c t a n g u l a r  st o p  is a~yl i n e i l e ’ I u l i i C t  ei’ed -

f i b e r  d i ame te r  can be caleula ted from the  mea~;ur e d  miii Irna posit ion and

the d i s t a n c e  f r o m  the’ I [her .

The setup used fo r  these  d i f f r a c t  ion measurements  is sket ched  in

Fi gure 7. The t aper  i t s e l f ’ can he observed and measured m i c r o s c o p i c a l l y ,

a l t h o u g h w i t h  some ’ d i f f i c u l t y .  F igure  8 is  a view of the  t aper  as dis-

p layed on the  scre en of an opt li-al c o m p a ra t o r .  ik’s ides the  inconvenien ce ’

of us ing  a large instrument such as the  c ompara to r , t he  accuracy of a

s lope  measurement  made f r o m  t h i s  p h o t og r a p h  is poor. Measurement  of t he

d i a m e t e r  and the  subsequent  c o m p u t a t i o n  of the s lope  can be reliably done

o n l y  w i t h  grea t  d i f f i c u l t y .

F i g u r e  9 consists of a s e r i e s  of pho t og rap hs taken  at d i f f e r e n t

p o i n t s  a lon g  a tapered op t i ca l  f i b e r .  One can easily de termine  the  loca-

t ion  of t he  t ape r  as evidenced by the change in the c o m p l i c a t e d  l i gh t

t r ansmiss ion  pa t t e rn  observed when li ght  t raverses  the undeformed f i b e r

(Figure 9(a) to the pattern obtained in the tapered region (Figures 9(h)

through 9(e) and 9(g) through 9(j). The point of inflexion corresponds

to the maximum slope (deflection) (Figures 9(d) and 9(e)) which can he

easily determined . The center of the taper (Figure 9(f)) has no curva-

ture , and therefore the diffraction pattern is similar to that obtained

from the undeformed fiber outside the taper (Figure 9(a)) scaled by the

ratio of the diameters . The pattern repeats itself on the other side of

center with opposite slope. Data measured on one taper have been plotted

in Figures 10 and Ii. The data given in Figure 10 were obtained by

deflection measurements , which are directly proportional to the slope  ci i

the  taper  (Eq . 1); Fi gure I I  d i sp lays  the  v a r i a t i o n  of the f i b e r  d i a m e t e r

along the tape r.  The d iameter  v a r i a t i o n s  can he computed by n u m e r i c a l

integration of the slope data once the outside diameter has been m dc—

pendentl y determined . The dotted line in F igur e 11 was obtained by

19
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Con s i d e r  t h e  o r i g ina l I (he r  as s ’ s ’nc ’ei lt  n c  shells of ’ r ad ia  r
m 

and

r e f r a c t t V t ~ h I d  I t t ’s n .  On gener at  log  a t aper , a l l  cro ss—sect iona l

dimens [elliS sca le ’  l i n e a r ly , wii l h e  ti le’ va lues  of ’ the  r e f r a c t  lye m d  ices

rema in unchanged . The envelope of ’ t he  tapered sect ion (near  the point

of in I leo  t ion ) is  g I veil by the  equa t ion  o I a cone :

~~~~ ‘~~~ 
•

x + v = (R — ;~ t an  aY . (4)

where R is the outer r a d i u s  of the cross se c t i on  at  z 0; is h a l f  the

apex  ang l e ’; and x , v • and ‘ are ’ the  C bre~’ orthogonal axes of the tapered

region.  Norma l i z  ing  the  x , v , z coordinates with respect to R y i e l d s

for  t he  enve lope  cut ’ t ile taper  ( i . e .  , a cone)

- t  - )  ‘1

X + y ~~ 
(1 — z tan cii) . (5)

Once the initial ray starting point (x 1, v~~, z1
) and direction

= 1) are ’ known , the ray tracing e’ s~nS i s t s  cu t d e t e r m i n i n g  the inter-

sect ion  w i t h  the  next shell (~x Y -) ~) and the propagat  ion direct ion

e’ in this shell - The I n t e r a c t  ion p o i n t  (x , v • ., z , ) is  given by tile —

Sc ’ I Lit ion c it  the equa t ions

x~~ 
— x

1 
\‘~~ 

— > 1 —

- - 

~‘ç” “‘~ 

S
f

x~~ + \‘~~ = [(1 - z
1 t a n  ~~ a 2 ]~ , ( 1 1

where a.1 r /R (F i gure’ 13) . Eq. 6 clesc’ ci hes the 1 inc a long which l ight

prop;iga C ‘s In , and Eq. 7 descr ibes the  con ica l  s u r f a c e , s.1 , separat  (ri g

the shells w i t h  index n and n ,1

The ray d i r ec t i on , c ( t c  1) In the shell hevo r -i d S~~) is given by

the  so l u t i o n  cu t  t he  generalized Sneil ’s law
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(n
1
h — u 1~~) x p = 0 ,

where p Is the norma l to 
~~1 a t  th e’ point cut ( l i t  e’r se~c’t ion ,

x V—I- , -u 
~ 

. - )  ~
p cos (cs ) i + cets (~~t )  (q )

-—

• V x  + V’.(’ + y~~

+ S1II (~) k

with iS = t an ’ (a ,, t a n  ~t) . Eq. q indicates that the linear e’ombinatton

n
1b 

— n ,1 e is a long the  norma l p or tha t

n ) e n 1
b + p , (11))

where F i s  a cons t an t .  By squar  lug Eq. 10 and using t he c o n d i t ion

h i  1, a quadratic in F is obtained. ‘l’he physicall y

realizable solUt Ion for c is given by t h e  value of I’ w i t h  the  sma l l e s t

magn i tude .  The two ~‘a lues of F are g iven by

I’ = —n~ i-i p / pY — n~~~~+ n  . ~, l l )

/‘,‘p ’4  - —
‘

~~~~~ \ \/ ~~~~~~~ 
_

~~~~~, 
‘\ \ \ rigure 13.

/ f 

/

1 C Schematic of’ the  normal ized  fiber

I i ‘ shell dimensions  and the  ray
d e f i n i t ion s  of the t e x t .
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IL
F i g u r e 1 r~ shows t h e ’  clef  L ec ’t I c u l l  ; i r t g l e’ v e r t - ; m u s  t lie i? .  i l l I c i t  Ii  aug  I c  I t s r

t h r e e ’  e-~ise’s:

ii — A ciii i f s ’  rm I’ l ilt ’ I’ w l i i i  Ii I . ‘s (i 
-

b .  A c ’ I ad I I h e ’i ’ w i t  Ii  ~~~~~~~ = I . ‘ to au th ~ I ad .

I ‘~ ( 1 .  7 -  d E f t  e ’renec’ h~~t W ee ’ui ‘ u ’ s u r e ’ t l I t e I  s I  ac id  l u g)  a ndF r / r  - = 0. ’5 , 1) i’ e ’ u ’ I tIU

c . Siiflle’ tis b e ’x u ’ep t  I’ / r Q, ( u I u 7
u - s u r e ’  s ’ I ~ cl

Tile del lect h u i i  l u g  I c  doe’s not g I Vt ’ t i l l  u ’ ,iS\’ Idei ut i i  l i t  l u l l  c i t  C ir e I I l u o r  ‘

i n te r n a l st m d  ui- c’ . ‘l’lie ’ ~u iu’ u~, i. i I el~~t l e s t  l i n t  ,unp, Ie ’ is t l i t ’  s t i l e ’ pre ’d 1s t e ’d

by Eq .  1 in cc l i i  h i , ins ’t  [ m u l l  W li i i I’~l . .‘ . l” s u i ’  t l i t ’  c i i i  n i’ ni  I I h e - i ’  (t s - i t  Ii  it  I . ‘sb

and ~ t o ) ,  p = 0. ~ 2 I ) ” ; I s u m  t h i s ’ F / u ’  = P . ‘ , n I . ~~~~ and ii
s ’ ,’I ’ s ’ s ’ I t i c l

and f o r  r / r = ( 1 . 5 ( 1  / • it  I . ‘
~ ~4 t u h  i ntl P = (I . ‘I 7 1 ” .

c O d e ’ c ’ l a t h
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On the  other hand , a p lot  ( F i g u r e  15) of the  az imu th  angle ,

versus the ’  m e ’ ide’nt ray posit Ion ((dent I f l e d  by t i le p o l a r  e’oordinate ,

c u t ’ I npu t  ray tnte’rsect Ion)  , shows t h a t  f o r  c lad  f i b e r s  t h u i s  f un c t  ion

is d o u b L e  va lued  I cu r  a rang e ’ e u f  angle ’s , t~ . The reason t’c i r  t h i s  is thatOut
some c ut ’ t h e  r ay s  p e n e t r a tin g  both  the  c o r e ’ and c l a d d in g  e x i t  at ti m e same

angle’ as cit h e r  rays penet rat l ug  on l v  t h r o u g h  the ’ c iadd I ug .

It  is Ins t  rue t I ye te ) p lot  the ’ r e I n  I I ye’ ge’eimet c l o t h  i n~ ens I t v  c i t the

del ’ I e ’s,’ ted beam as a fune - t ion of azimuth t i n g l e ’ (F i gure’ 17 )  . The reg ion c i t

over lap e x h i b i t s  a I cu c ’t i  11 y Inc  i’ ca se’el t n t  ens I t  v , due’ to C I re ’ supt ’rpos I t  Ion

elf the  two beams . This (ntt ’ns li v hi ie ’ r t ’ .ise is  more detc’ctabl e f o r  the

r / r = (1. 5 case s l f l c ’e t h e  ge’sumt ’ t r t eal I i t t  ens I t  v i s  more’ I oe’a I I  zedcore c- l a d  -

at the  lower az imut hi a n g l e s .  Re c ’t i  t is~~ j u t  ci ’ t e r e r l c ’ e’ i’ll cc ’ C s .11
_
c’ poss1hie~

the dependence of the  d e f l ect  Ion t ingle ’s , 
~d 

with the’ at’. i mut Ii an g l e ’ 
~~~~~

shou ld  be examined in de’ t a i i  f o r  the two h ranches . Figur e ’  18 , an expanded

view of the’ region c i t  ( t i C c r e s t  In Figure’ 15 , reveals that the two branches

do I l c it  e’c u in c  id e ’ . Th i s  means t h a t  the re~ is no ji~t e ’r l ’ er e ’uu c ’e o f f  e ’ ’ t  . Thus ,

It shou ld  be pciss lb Ic  to measure ’ a var tat Ion In the Intensit y of the

def lected beam t h a t  Is  l n d i s ’ ,i t  I~’e of the r e f r a c t i v e  index  p rc ’i f i l e  of the’

cross section .

The scattering from a t’ Iber with a step Index core was measured .

A taper  drawn In t i l ls  f i b e r  (r / r  0.436) was Illumina ted i trans—core c lad
versa 11 y by a beam of 1 igh t , and the’ m t  ens I ty  var f a t  lor i s a l o n g  the

d e f l e c t e d  beam were recorded as a f u n c t i o n  of az Im u t h  ang le’. Fi gure 19

d i s p l a y s  the r e s ult s  thus obtained . As pred I c -t ed  theoret  I c’a I I  v , an

ine-rease in the i n t e n s i t y  et f the d e f l e c t e d  l i ght  a t  an azimuth ang le  of

about 18° was observed . However , an i n t e r fer e n c e  p a t t e r n  appear ed to he

superposed on th u s d i s t r i b u t i o n .  The computer  program [or t r a e ’ i i ’ig I i ghi t

rays th roug h t h e  f i b e r  was expanded by add ing  the  cap t ;h i l it y  for  a n a ly z i n g

any c u r e ’ d i s t r i b u t i o n ;  a ~ i eee—wise  appr ox Im a t ion Is  u sed f o r  the ’ core’

p r o f i l e .
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Tab l e ’ 1 . Fused T—C~u ui 1 u lt ’r Dat  .i

Cs’upl tuu ~ l~xci eiis l,si,i~~t stup I u r N.’ . tu p su e i’ ,s , n l iu p ti t  I’~iWet’ , ti. ditu t put P o i t  t h u  1issl i siWi’ I • 
~~I i ’ • •

i — i  I _‘9 , u i  .,
iO. ”t4 — 3. 9 —0.47

2 9 . 0  i 11. 51)
9 .b tu  — I , ’, — j ,  if,

I _‘‘i ,ei .‘ t i _ l i
1 11,04 -3 ,,, —0 .79

2u3 .ci 1 I I O u
‘1 9’, -‘. i,~ ’, — 0 . 8 5

2 — i  1 29 . 1  ‘. 12 .4 5
1(1 . 14 — i ’ s ’, — 1 . 1 )

2 9 , 1  1 1 4 . 7 0
4 10.88 - 1 , 7 1  —0. 64

3 3(1 ,2  2 1 3 . 4 0
1 11,25 —3.40 —0.88

2 8 . 8  1 1 1 , 42
2 10.15 — 3 , 1 ’ ”  — 0 . 8 7

3 — i  .‘il , u  3 11.00
4 t O .  10 - 3 , ”,. — 0 . 8 7

$ 27.7 4 1 1 . 0 4
tO . 9? — 3 . it.’ —0.99

$8.2 I 1 3 .58
10 48 — 1 . 60 — 0 . 6 8

4 30 ,  I 2 1 1 . 2 1 ’  — 3 . 5 0  — 0 . 7 9

1 10 , 8  3 14 . 4 0
1 1 . 69 — 3 , 4 8  — 0. 71

4 11, 39
lO S’. - I ,  i 7 — 0 . 9 5

I 26 . 9 I 11. 5(1
1 0 . i i $  — 3 , 3 1 — 0 . 9 6

‘5 26 . ? 2 11. it,
9, 41 — 3 , 4 2  — 1 . 1 4

5 — i  1 2 1 , 5  4 12.80
to i l  — 3 ~~~0 — 0 . 7s

I 11.1(1
9 . 26 - 3 ,1 —0 .85

1 1 1 . 2 8
1 10.65 — 3 . 51 —0 .47

4 1 8. 8 2  1 8 . 2 1
i-s . 1O — 3 . 1 1  — 1 . 1 7

6 — 3  1 1 S t  4 9 . 7 0
I 9~~S7 — 3 . 0 3  — 1 . 1 1

2 $ 4 . 1  3 10. 58
4 ‘1. /lu — 3 , 1 9  — 0. 7 3

3 2 3 . 4 2 1 1 . 1 2
51.18 —3 ,46 —0.59

4 1 3 . 2  1 10. 34
2 8 . 3 4  — i . Sci —0. 94

7 - I  i 16. 1 4 1 1. 6 $
111 . 251 — 3.1’ )  — (1 . 78

2 $6 . 1  3 11.60
4 9 .13 2 — 3 ,38  — 0 . 8 5

I 2 1 .1 .~ Iii , iS
1 9 . 10  — 3 , 2 9  — 0 . 7 4

4 2 6 . 4  12 . 81
2 9.84 — 3 .62  — 0 , 6 6

b i t  S

- - 

34 

j
-

~~~~--=- ,,‘-~~•-‘• ~~~~~~~~~~~~~ i~~ ~~Ii



_ ‘ “ 5  
‘ ‘~~~~~~~ ‘ 

- “5-5-’ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Tab le s 1. Cont Inued

t ’t ’u5 3’ Isi t N,’. m i tsuI Po rt 1~~i’~’~ Ps ’vsiE. 15 W s ’u s i  i’ ’i i” u I 0tit~’.ut i’,’s.’s’r , isW 
Coupling Fxs’ea~~ 1,ou,

1 3 - 3  1 25 ,0 1 10. ’)?
4 10,04 - 3~ $ci —0.75

4 2 $6 .0 4 12 .90
9 . 76 — 1 .65 ~0. S51

1 1 2 , 5 6
2 9.01  - 3 , 7 9  — 0.8 1

4 2 4 , 0  2 1 1 . 6 0
8. 91 -1.61 -0.68

9—I 1 25 ..’ 4 1 3 ,6
3 ‘1 .7  — 3 . 8  — 0 . 34

$ 2 3 ,0  3 1 1 . 0
• 8, 5 —3 .60 —si l l

3 27 , 2  2 I I , ’)
1 51 , 91, - 3 , 751  — 0 . 5 6

26 ,14 1 1 k . ”2 51 . ’) - 3 , 7 1  —0 . 12

103 1 2 ! , c u -, 12
3 t 0 - ~~$ — 3 , 39 - 51 .67

2 .‘S .th I 10 .11’
-. 13, 6 1 - 3 , 48

1 25 ,0 - 11. 1
U , ,, — 3 , 37 -sh , 7 l

4 , el 1 1 3 , /
2 ‘J 5 - 1 . 1 4 7  —0 .65

l i — i  1 17 .0 I I
5 51 . $ — 3 . 6 3  —0.7 7

2 $ 7 . 4  -, 12
I l5t - I  ‘ 3 . 1 3

2 7 , 4  1 1 2 , 3
2 10. - — I , 32 —5 1 , 16

4 2 6 ,8  2 11, ’:
1 10.2  — I , ’,’, — 0 , 6 4

0 2 — i  1 2 8 .0  4 1 2 . 1

~ 

- I t u ) , 1 - 3 , 3 .0, ’)7
2 .~~,c1 3 12.1

4 It ’ s 3 — 3 , ’.. —51 , 3 6
2 1 2 , 3
1 1 3 , 5 —1 . 3 7 —0. 80

4 .‘S , u u  I 02 . 51
$ 10 S - i , I I  — 31 ,4t,

I— u I 1~~, 7 i~~~-~~~u

- s . 15 -6. 6’) —0 .60
1 $3 .7 ‘. l. . 1 5

4,54 - 6 ,14 — 1 . 0 3
I .‘4 , l  1 1 4 , 5

$ 4 , 7?  — 6 . 1 1  — 11 . 91
4 24 . 9 2 1~~.51,

2 - 6  1 26 .3) 

6.64 -m i .1l

4 4 . 62 — 7 , 1 1  — 0 . 1 8
2 25 ,0 4 1 6 . 0.’

3 5 .6 1 —s .8’,
• i 17 _ mu 1 18. 75

2 5 . 4 4  — 6 . 4 8  —s i . 4 7
4 27 .0 .‘ 16.8 7

1 5 .50 —6 .09 -0.81
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Table 1. Continued

Cou:t:r No. Input Port Input Power s isW Output P ort Outpu t P.’w~ r . ~~ 
Coup lt ng Exe’~~~s ~~~~~ 

j
4 6.60 - 5 . 6 1  —0.49

2 28 .0  4 19 . 1 5
3 5.64 — 6 . 4 2  —0. 52

3 2 6.0 1 lu / l
2 5 . 4 3  -6. 10 —0.6 9

4 26 .0 2 1 6 . 4 3
1 5 .69 — 5 . 89 — 0 . 7 0

4— 6 1 25 .0  4 1 7 . 4
1 4. 4 — 6 . 9 5  —0.60

2 25.0 J 11 . 0
4 4 . 5 — 6 . 7 9  —0. 6 6

3 25 . 5 2 18.7
1 4 . 8  — 6 . 9  —1 1 .35

4 17.0  1 19.0
2 ‘u . 2  — 6.68 —5 t .’.8

5—b 1 27 .0 3 19 .0
4 5 . 3  —6 . 6 1 —(1 .6

2 24 .0  4 1 6 . 2
-5 . 79 —0 . 38

3 27 .0 1 18 , -.
2 6 , 2  - 5 , 1 ’S — 0 . 4 4

4 2 4 , 5 2 16 .0
1 6 . 5  — 5 . 39 — 0 . 31

6—6 1 24,0 i 16.00
5 .0 1 -(‘ 22 — 0. 57 —

2 27 ,0 18. 5 1
— 3 “ . 1 7  — 6 . 5 4  — 0 . S3

3 30.0 1 16 .90
2 5 . 7 0  — 5 . 9 8  — 1 . 2 3

4 26 .0 1 17. 04
1 5.60 -6.06 — 0.60

1—6 1 25.0 14.45
4 u. 17 — 5 .24  —0.83

2 25 .0 4 1 4 . m I
5 . 5 1  — 5 . 51 —1. 0 4

3 27 .0 1 1 7 . 7 5
2 5 .90 — 6 . 0 2 —0. 57

4 27 .0 2 17 .6 9
1 6. 3 1 — 5 . 8 0  —0.5 1

8—6 1 29 .0  3 19 .2 5
4 ‘ 5.69 —6.4 1  —0 . 6 5

2 29 . 0 4 19.94
1 5 .76  — 6 . 4 9  — 0 . 5 2

I 28.0 1 ‘19. 97
2 5.87 — 6 . 4 3  —0.34

4 26.0 2 16.03
1 6.0 1 — 5 .64 — 0 . 7 1

9—6 1 26.0 3 16. 91
4 5 , 11  — 6 . 3 0  — 0 . 7 0

2 24.0 4 17 .47
3 5 , 15 — 6 . 4 2  —0. 25

3 2 S .0 1 ‘ 16.60
2 5.82 — 5 . 8 5  — 0 . 4 1

4 27.0 2 18 .78
3 - I 4 .54  — 7 , 1 0  —0.63
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Table 1. Continued

Coupler No, input Por t inpu t Po wer . i i .  O u t p ss t  Psur t  O u tput  i’ s,wu ’r . lw 
Coup ling Ex~eK~~ I,’se .

1(1— 6 1 .7 7 . 0  .1 1 8 . 5 6
5 . 6 1 -6 , 14 —0.48

2 2$,si 3 19. 64
4 “.16 — 6.81 —0 ,2

.1 25,11 1 15,51
1 5 .68 — “ I t  — 0.11

4 2 11.0 1 18.78
2 6,14 —t’,Oi —51,48

11—l u  1 2 3 , 0  4 16.530
3 5,24 —6 ,07 — 0,34

2 28,0 1 16,03,
-s 6 . 2 1  — 5. 5 3  — 0 .99

3 27 ,0 2 16 ,12
1 5 . 9 1  — “ 7 1 — 0 ,88

2 1 _ I l  I 6 , 4 1
2 4 . 2 5  — 6 ,86

1 2 — 6  I 25 ,11 4 i b , i t
6 , 0 5  — 5. 64 —0. 51

2 2S .ui I I6.O i
-, l I t )  —5.08 —0 ,31

3 251,0 2 05.90
1 “ 14 —6.74 — 0 , 6 0

-s 2 4 , 0  1 j ( ’ , i 5 1
2 5 . I ~2 — 5 . 91 —0 .3 9

1-10 I 27 , 5 •
1. 15 — 1 1 , 1  —0 . 15

1 2 6 , 0 1 2 0 , 0
— 10.22 —0.151

2 11.0 ,‘ 2 1 ,0
2 , 1  — 1 0 , / 7  — 11 ,50

4 28,1) 1 2i . I i
2 2 . 1  — 1 0 , 1 1  — 0 , 50

2 - i S)  1 :4. S 5 20 , 11
-, 2 .1 — 10 .2 —0 ,-.”

2 30 .0 ,

2 .  I — 1 0 . , ’ — 0 . ’5 ,’ —

3 26 ,s) I 2 1 . 1 1
1 2 . u ’ — ‘ 5 ’ I’ —I i . - .2

4 2 6 . 5) 2
I 2 ,0 —1 0 , 5 —0.)”

3—10 1 2t,, si 1 ‘11 .1 1
- ‘ 2, 2 -111 . 11 —0,651

- ‘ - ‘ .71) , 5)
I 2 , 11 — l 0 . -~ —Ii ., .?

— I I ’ ll I 211 .0
2 .‘ . S -‘1 , ’, - ,  —0. -s I ’

lts .0 2 22 .2
• 1 1, 11 — ‘1 .0

4—1 0 s 2 ’ , , )  3 12 . 0
-, 2 , 3 5  — 1 0 , 1 5  — 0 . 1 0

2 2 7 . 5 4 2 2 , 51
2 .1, —‘I ,~‘ u, -t) .48

3 26,1 ’ I . 1 , 1 1
2 2 , 1  — t t ) , 4  — 0.1,1 I -

4 26.0 2 21 .11
1 2 , 14 —‘5 , 3 -0, 18
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Coup ler Nj ’ , ln p s s t I t t  l s , I ’ s s t  i’ , ’~ ’ , ’, , , W O u t i ’ s s t  l”•t tsst l s I  i’ ’~ .-t . ‘ W ‘u 1’ I~~it~
8 

‘ 
siB

5— 10 1 2 ” . tl 3 l ’ s . ,’
I ,’ - ‘5 . ,, — 0 . 7 0

2 . 7 f u~ (’ ,

2 . - I ’  — 4 , 1’ —11 . 11
‘ 5 ,8 18 .0

2 .‘ .l — 8 . 8 . ’ — 0 . 61
-‘ 2 7 ,4  2 2 .’ , l

1 2 .1 -10 . 7 — 0 , 4 3

1 . 1 , 5 3 2 1.13
- ‘ t .1 ’ — 1 1 . -s — I t ., ’’,

.7 .‘ ‘ . l  - ‘ .‘ It . Iu
I 2 , ’ — “ , ,,, —11 , 1 3

I -‘ ~ . 9 I 20 .0
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Table 1. Con t inu ed

s ’. ’s , t ’ L e r  N ’ , Inpu t I’ ,’ i t  i l t i t l i t I’ .’~ ,’, , - Is s ’s s t p u t  I~ ’t 1 0 5 , 1  ~ss ’  t’ ows ’ i  . , ,~~ 
~

‘“
~~~~

“
~~8 

s , , -s. ~~~Loss ,

1 2 — 1 5 1  I 2 ? . ” 1 2 1 _ s i
—9 .3, -sl I t ’

1 24 , j  . 2 1 . 2
I 1. ‘15 — I s i , ? — 0 _ i , .

5, 11 1 2 , ’ . 1)
2 1 ,1  — 1 0 . ” 

_~l , .5
-, 2 . , s S  2 211,0

I 2 . 51  _ ‘5 , 5 ’  — i t , S
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b e fo re the measurements  ar e  made . The pr imary d i sadvan tage  of t h i s

measureme nt appara tus  i s  tha t  onl y the ‘3meridional ” modes 01 the  f i b e r a r e

f u l l y  ex c i t e d .  Limi ted  measurements  I m a s e  been made w i t h  sources (LEDs)

tha t exc i te  the f u l l  mode spectrum; the  r e su l t s  of these measurements

.ire d iscussed in the t ex t .

:\5 par t  of t h i s  c o n t r a c t , 36 coup le r s (12 each 01 3 , 6 , and 10 dB)

were deli vered.  A copy of the measured coup li ng r a t i o s  and inser t ion

los ses a re  g i v e n  in Table 1. The coup l ing r a t i o  is de f ined  as the coupled

powe r d iv ided  by the t ot al ou tpu t  power; the coup led power is the smaller

s ’t t h e  two ou t p u t  powe rs.  The excess  loss is defined as the total  o u t p u t

power d iv ided  by th e  t o t a l  i npu t  power. The data  g iven in Table 1 are

s u m m a r i z e d  in F i g u r e  21 , where the average loss is p lo t t ed  versus the

.svs r z ige  coup l ing  r a t i o f o r  each of the 36 couplers.

Coup ler s  were  f a b r i c a t e d  us ing several  methods;  the three p r imar y

ones are discussed . In the f ab r i ca t i on  Corning No.  1025 f i b e r  w i t h  t ime

protective costing r emoved , was u sed t h r oug hout .  Tile th ree pr imary

methods  of f a b r i c a t i o n  were: ( 1) a 50 W C0~ lase r was used to  fu se  f i b e rs

in a cu rved f i x t u r e , (2)  f i b e r s  tha t  had a po r t i on  of t ime c l add ing  and

co re  removed by l a p p ing and po l i sh i ng were e i t h e r  epox ied or cemented

t . ugs ’t lis ’r using an i n d e x — m a t c h i n g  adhesive , and ( 3) ,  tile 50—W laser  and

a t o r c h  were used to  fuse  t w i s t e d  p a i r s  of f i b e r ;  a t a per  was P u l l e d

dur tug f u s i n g .  The I s~’ i s  t e d — p a i r  a p p roa c h  solved two p rob lems : ( 1 )  the

wo I’ ihe rs st  ,i ved  i s s  m t  (m a t e  con t ac t  d u r i n g  the  f m i s  ion p i  ocess ss’ I t hout

h a v i n g  t u  he in  c o n ta c t  w i t h  .s ii xtur e , and  ( 2 )  t h e twisted and tapered

conf I cssr . i  t [ O n  l a s ’ i i i  t a t  s’s hot  t e r  cOlI~
) I t u g .

The i t I f l S ’i isuils mash’ wit h the curved welding I ixturs ’ \,‘cI’S’ not Sat  45

I ic orv  . I ’ i t s ’ b a s i c prol , 1 em a ros s’ iii t l s s ~ Is ’ 11 o wIn g  m a n n e r .  At t h e  p o s i t i o n

where t h e  weld  was di ’s [red , t i t e f t h e i - s  were pr essed a g I  i nst  t h e  f i x tu r t .’
to ensure  t h a t  t lie f i b e r s wer e  in con t a c t  . 111 is pr oduced  a v e ry  of f t c  (c u t

and l oca l i zed  he. it  s i n k .  However • a .-,h su r t  d i s tan c e  , iwi iv  t h e  “ I  hers  ws ’r s ’

not  pressed .lg, l I nt -i t the  f ixt tire and on 110, 1 t l ug  d i st o r t e d , p t i l l  s’d .iwav

f rom the f i x t u r e , and moved tog t  t h e r .  Th i s  m o t i o n  was due to  the stresses

in the  f i b e r s .  The end result was a d i s to r t e d  cs ’n t i t c t  w i t h  l i t t l e  hope

ot being c o l t  r o l l ed .  Another problem with t h i s  techni que was the low
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COUPLING RATIO , dB

Fi gure  21. ‘I’— s ’OIIp I t ’I’ d s I t ; I . Each p o in t .  OIl t i l t ’  g r ap h I’ 0 1 u 1’ u ’ S u ’ l l (  ( l i t ’
avernge excess loss  and t’tstI p Ii ng r h t i t u  I oi’ a s i n g  i i ’
s’OIII) I t ’ . Each coupi or lisis f o u r  nit’asure’d oxs ’ . ‘os 1050, 7 ; , I I I I I
coup 1 lug rat  los , one ~~il I r I o I ’  t ’a s ’ I l  ( I  u p i l t  ‘I par I

Table I).
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s’ I e I s l  ~u t  s i s , i i ’ I e l i m i t h i l lS  I l l ’ , su l .11 t i’fl pt  1 -
~ 141105 1 I’ i l i i i  s ’t  l~~’ ( s i l l .  s I

S i  I t l i ’7 h  1 5 1  q,’\ s ’ t ’O~ ; 1 1 1 1 1 7 ;  , i i l s l  ( , i ~
) 1 . 1 1  l s ~ h o  Olit I Wli I i i  I i i ’  I ’  .‘ . i i i  s~ ,’ i I s ’i a I ,

1 i s ts’ I . I p  i’ . i t  1 s ~ s ’ s~si pIt ’r Ii ;itl I I  h i g h  5 ’~~s ’ 5 ’ 110 i s ’ O l i . I l l s  ‘ ‘ ~~~ ‘I ’  l e v e l  l~~~
t ’t 0 , i l ’ s ’ i l ls] 1 , 1 1  i s I  I i i  I’ ( g I l l ’ s ’ .‘ ( l .

‘)‘ , i i u  I e .~ . 1 1 . 1 1 5 1  I s ’  I ’  (
~~u t I I i  b I l l  h o  I i ig  ( l i t ’ ( i i  I

I” l x i  Il l ’s ’

i ’X s ’ s ’SS i, su t;l; , dli L’ , s 1 u  R a t  I t t  • s IR
(I’  + r . ) / P 1 I’

— 1  i . . ’ — ‘ 5

— I I  . I s 3 _ ’

-8

— ( u . j

— I . ’ i — 1 9 . 1

‘l i i i ’ Shs ’ s ’ s i l i t l  lilt ’ t i s s u t l  O.X:llII  ( l i t ’ s1 1 5 1 1 1 5  t l i t ’ I h i h i h u  I il~~ s ’t  I l i s t ’ u~~ o l I s ’ l l  1 l i s i t  I h i I i h u t ’SI

~it ’s
’ I I su nS s ’ou h I  h i ’ s ’l ’s ’x It ’d t s u g s ’t h er .  I n I t  1 . 3 1  l v , ot’s’s’I’ ;I I s ’051 1i t e l ’s W e t  - ‘

1 . 1 1 ) 1 ’ I s I t  i ’d W i ( I i  I ii ’ u i t S  I st s ’n t  1 0511 I t s ,  ‘l’Iio s ’ t s t i 1 m  i s ’ i ’ l s W ON ’  I i s , l s I s ’ I l’ su li l  I I 1501’ s

I ; i 1i 1med tIll .1 •
‘ u s Ill l I t !  I t i s  I s ’  3 ilt ’j u t  Ii u I  .‘ ‘*  ~I iii ( - ‘i p h i  l I l t  o t l i e eo i ’~~) . ‘I’h i t ’

I . I I i h m O t l  I t ’~~ ( s u i i  w I t ;  s’ 111111 l on g  ~i t i s I I h i ’ c O l t ’ Is IS s ’51 )su’ ;s ’si uiV (’l’ h i  hi ’Ilgt Ii ot

slh iprs ixhm sltt s Iv I mm.  K x p t ’r l n l o n t  l i m i t  I : i t t ’t I  t o  dot  t ’ f l l I i i l t’ t h e  Ss ’ I t h O’’ s’t

I Ils ’t ’Iit S l o t  en~’s’ I n v s  I s csI m o u n t  l u g  I I I I u I u ( ’ t I  I I hor s  hi t l i t ’ l ist  I dt ’ r li ii’ s’pox v I h g

I, I’~I g t i r e  .‘ .‘ ‘ i . i n ~ l t l ion oubs t  I t  III lug g i  \‘s ’t ’I’ s5 I I I l l  u ’ I u s u \ V  . ‘liii 15 ,i  1 Is ’t5’s ’d

. i s l  I sIl t I ~ig l i i i ’  I I l ’ , ’ I ’ 1s I l l  t lit ’ I i i u I t I O I ’ . ‘l I l t . ’ i l  I g l i l i l o I l t  ol  t h i s ’ ‘ x p s ’l ;s ’si 00 1’ S’ 5

I ’ s ’~~ I s I h i 1 i  I 01 ’ I I l m t ’ I ’ t ; I ; i 1 u 1 u ’d s I l l .1 .‘ ‘ u t ’hii 1 , 3 , 1  li i i ’s Is IS I s ’~~ii sl C s ’ l ’s ’ s I  I t  I 5 , 1  I .

i - h  t-~ s i i u ’ .‘ I ~h it i~,j s I l i t ’ s ’ s u u l u I t ’s1 lutt I~4’
I’ 55(5115 (lI t ’ I s u ~m g I t  l I s t  1 1 1 , 1 1  .11 I i~iit t is ’Iit .11 s’ng

( l i t ’ I h l u s ’i ’ t ;  . I” I I u , ’I ~; WI’ l ’ s ’ t hit’u 1 , 1 h u t ’s1 si l l .3 I (11) ,‘iii I i s !  1 1 1 7 ;  . I I i d  ( l i t ’  . i I s s i~’e

I m o n t  i u ’1u1 ’, l  Os! . ‘l i i i ’  1 - l oa l  I t  was ha I t l i t ’ .11 I guhi l s ’ I m t  W i  71 11111011 I I I ’

i l  I t  I s a  I . Next ( h o  iss ’ 1msi t  l i t ’s I I ;  t h a t  I lie t ’I I s u x v  and e, I S’s ’s ’I ~u I  ; i l s ’ , I I I , - u ’ ( l i e

0.11114 ’ s ’t  I t ’~ ’( is’, i S  I 0 0 1  t’d l iv i’ OilI s ’S’ ( 1 m g  t h i s ’  g I v s ’ t ’ i ’ s ’ I  ,i I t t ’ I  i l  I g I I I I 1 S ’ I i t  , l l l t I

. l p ~i I S ’  lu g  ‘p s ’ \ \ ’ . I l l s ’ i ’ l l  o ct  i i  s s l ( lit ’ g h v s ’o i ’ s ’I  alit l ( l i t ’ s ’ i ’ s u x \  Is’ s ’ h s ’ 71 ( 111 1 i i i

.liisl .1 t I’t ’Ii,l Iii hi. ’ s ’ s ’ I I i u  I I iig s’(’ I ’ o l l o  d e p t  II , u I  h i p  w i t s  s ’ot i l’ I I S I I u ’ sl I i  5 7 1 1 1 0  .‘ -~ 
‘I
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i ” i g s i r o  2 , ’ . I ” i x t u r e  t s l i ’ I i s ” l d  l u g  t i l t ’  U ipp i ’ t I  .111( 1

po I i  SI l s ’s! I’ j ut. ’ I’S

for  tlmt ’ 100 sin r h o ,! [I t S . I n  an h i t  t em p t  ( s I  i t i h l k i ’ .1 l ’— s i i l  s ’ , ’ 5 l
~ ’ I t ’ r (0—t.I B t I l l s )

u s i n g  t h i s  m eth od , I i h e r s  15’s ’ro h l t t i tt ’d lou I Is ’ , I ’ , ’ i i i t  0 t l i t . ’ ~‘sl ~’( ’ ( I S  1 1 m g  h I

10—cm rad I t i s .  ‘i ’ll I S  i m ’I - L ’h l s t . ’sl t h u  l oss . u i m d  p l ’ su s l s i s ’ u ’d h i  s ’ s s s i l s i lu g  that ~as

muc h lower t 115111 oxps ’s ’ it ’ d . At  t s i ’  I lie I (he  i’s 1st  r u I .i 1s 1t 5 ’5j , t lit ’ 1’ Xs ’ s t-i s I s 155

of the f i b e r i t  ss ’ I f  W~~S I f l  t ’X s ’ s ’i- S t u t  2 si ll t 1 i s  \~‘ h i S  s i l l s ’ 5 1 l’,Isl t a t  i on i n

the lapped sect  lOll . I t  was e xj ) s ’s ’ 1 s l i t  [ 11111 t Ii I s i’ ,uil  I h i t  I s u n  W t t t I  1( 1 In’ s h I l l —

tu r ed by the  ; I d j ; I t . ’e1 t t  I (h e r  s i t  t e l ’ 111115 1 ( s a t  i o n  o t  index m ;lt s ’ii iug I ’ lu i s.l or

epoxy . The most d 1st u r b  l ug  ru ’si~ I t  ~-i I’ t’s uni t h m i s  s ’xpt ’ l’i flioli I W1is t lot t , ho lb

b e f o re  and h i t  [or tl ms ’ app I I s’hl L i  (l f l  s u t  t i lt.’ I nds ’x 111511 c l i i  i i g  111.11 oi’ I a I ,u I’ t . ’ ! u sS X\ ’

the excess l oss wa s cons t sl ut  ; t I t s ’ I su 5S  Was  i fldt. ’i) s ’lldt ’ll  1 01 ( li t ~ ‘.‘oup I 1 1 m g ,

and the  r ad t~it ed l i g h t  was not  5 , 1 1 1 1 t i r e d  by t l i t ’ ad j h l s ’ u ’ i l  t I i  h e r .  ‘l’h i s

phenomena b i l l  - I occurred  du r I ng I’~ rev i O tIS ox u ss r I Int ’Im 17; hIlt had l u s t  boon

no t i ced .
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LONGITUDINAL SCAN DISTANCE . mm

F i gu r e  2 I .  l ’lis ’ c s ’ s l j ) l  C’s] jhu ls ’s’ I’ vs’ i’ sso ’ ( l i t ’ s i  i ;imnts ’ht t s u l  I , Ip h st ’d
I ’ I i u s ’ l’ S . Fl i t . ’ I I  S gnllls ’ ilt wa s 5 , 1 1 ’ S u ’s] I s u n g  i t  tid lu , l  I I  v

.1 101 1 7  1 his ’ 1 5 1 1 1 : 1  Ii S ’ I  I l I t ’  I , s  
~~~~~ 

l’ s ‘g l s ~ i .  I i  h or s  we r~
I lu tIst ’s] sO t 1 1 sill I’ , i s I  I ( i S

The welding s I r  I ( l 5 I t t ~ 7 ~I to ’ i~ ’ t s ’ sl I i i u s ’r s  w i t h  .i  t l o s t s ’ i i i  hI  I ix turs ’ desi gned

Isu r t ,l hus ’r isti l I lug Ilas im r I ’s’ s ’It t s u  I t , l \ ’ s ’ I l I t . ’  I s u l s e N t  i s ’s’~ b l u s h  In ’ t I l t ’ I i t t lSt

r t ’p r o dt t s ’ i h l e .  ‘b it s ’ I ihs’rs i t s -  t o - i s l u t !  Is ’ s’ii ’ .lii ’s ’ s ’ s 5 ltl .3. 1 .11 1110 ds ’slt ’ s’si

we Id  p o s i t  i on ;  .s I t or  . 5  scs I d I ’ . s ’ t -  t , i l s  I i ~Iiu’d . a t . l ~~t ’ I ’ i t ;  s u l  i s ’s]. I n  111111 .1 1 5

e x p e r i m e n t s  t i he r c  .1 CO , I , l t h s -r Is IS liSt’ s1 t s u  I t s ’ - .  Liii ’ I Iiu s ’~~~ , Is’ s ’ were unable

S I-S I ab I I s h i  r t ’ l i r s u d t l s ’ l i s i I i t s ’  ill t l ~~’ s ’s uII l u i I t l g  s - I  I I s ’ I s I t s  S I l l s ]  I 5 1 5 5 .

s i l t  I i s ’ul t v W I t S  i o s u I , i t & ’ d  I s ’  it s’ I i i , ’ l l t s ’ s ’ i t S I S t  s i t s  5’ s u l I l l s ’ l,i ~ , s i  ~t s ’t l t ’  int l

s ’itt ’rgv d is t r i b l I t  1 5 4 1 1 .  I l l s ’ i i i s t , t I  1 s t  1 5 5 1 1  s I  I l l  l I l l s ’ h ’ L I I ? s ’ i l l  t h e  h . l ’ h s ’ l  c , i s ’ l t s ’

I su n s ’s] t i l t ’ 1 , iot ’r to I ’S ’ I I  l i t  s’ i ll .1 0 l t i s ~~l t ’  f l l s u t l t ’ . N , s t s v  , s i l I 1 i I s ’r t ,  ~“ I t i s ’i i t I —

‘‘ui ’ ’  0 X s ’ t ’ ~ u t  I s i t ’  ( i t s ’  t hi lls ’ r I , ‘tt ~ ’, I Is ’I Is ’ s ’ I s ’ hll.lsI s ’ bi hli b ( l i t ’ h O I s t t I t ’ l l  I , ‘‘s s , i h l s l

tap rat i t t  were m (’;iotil’s ’sI . ‘ I i i  i s  s ’ x l u s ’ I ’  i m ( ’ I i t  i n s ]  I ‘ ‘ I I  ‘~l that I b r , ’ I t’s i l l

i i i s ’r t ’; t t s t ’s !  s oup I l ug  i t  l.i rgs’ r t l p t ’r I s ’ l t i ~ t h i s .  h l s u w t ’vs ’ i ’ , t i l t ’ I l i s s ’ rt  i o n  i s o . s

s l i t  , i  Wt ’r . ’  os - a t  t t r o th . ‘l’ I i s ’ o s ’ (1.11 hI  I r S ’  i’t b s i (  t t’ si in  I ” I ’ .7 1I1’ t ’ ‘ u .
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LENGTH OF PULL TO ESTABLISH TAPER , mm

t” b gi srs ’ 1’s . ‘ I l l s ’ t ’x t ’ t ’S t -i h~ u ss  h Illel (.11) l’,lt i t )  ms’.lsurt ’sI I s u i ’ fabi’  ( c a t  ed
s ’t i u p b ors. ‘bitt ’ er ro r  ha i ’s In st  i t ’h l t e  t h i s ’ spread ot  t i l t ’
d a t a  I s ir  hI s i n g le  s’o u p t t ’r but  s i f t  f s ’r s ’nt  I n p u t  ps ul ’ ( S.
‘(‘ itt.’ i n  I t  t a t  weld I engtii was 1. ‘ mm .
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~1 I h i t . ’ I’t,’h t s  i ng t a p rs . ( lit ’ t’ I a d d i n g  modes p I’u u p h t g a  t o  hI t  g r ; l dt Ih i  l i v

dec reas ing  hug! s’s to t h e  t I h er  .i x i s  .ttisl . I t ’ s ’ rt’c.ipt t I r ed  liv the tapered

s’sl l’e’ sect ion t o  aga in  be come cot’ s’ mode ’s. Expt ’r lrn en t  i i  dat  .i suppor t  ing

t h i s  dess ’r ip t  ion is d i scussed  i n  St ’s t (su It I s i t  t h is r epo r t  . In summary ,

the modal and t o ta l  loss s u t  a I apt ’ ro e! t’ iber are dependent on t h t e  re’ I I ’ h I ( ’ —

t ly e  index of the medium s u r r o u n d i n g  the  t a p e r .  Whet t a t a p e r  was sur-

rounded by d I iodomethane (n = I . 7 l~ ) , t Iii ’ I osses Were subst . i nt  i a l i v

h ig it er  t h a n  when t it e  t ape r  was exposed to hi I r . When t he t h l p t ’r Was

exposed to ; i l  r , t t te  c l a d d in g  ntodes t h at  propagate t o  t i t e  reg ion of

ins rs ’as t u g  ( 111)5 ’ r were re coup led into t Ite  s ’O l’s’ . However , wh en t it e sur-

r ounding med [urn has a Ii igher index , the  s’ond it  I st i t  t h a t  s u p p o r t s  t h u s ’ s’ had-

d i n g  modes no longe r e x i s t s , and t h e  s’lt or gv  was r ad ia t ed .

Consider  a ‘I’ coup icr  w i t h  a taper  reduc ing  the’ cros s— sect  ~s) nhl  1 ar e~s

sit  the  f i b er s  liv X p ercent , equa l r e co u pU n g  to the i n i t i a l  and a d j h l s ’ent

I i h t ’rs * 
and no I oss. Under  these condi t ions , X ps’re ’eilt of the  power

e n ter i n g  time taper  w i l l  be coupled t o  c l a d d i n g  modes. TIte percent  power

coup led to t h te  a d j a c e n t f i b e r  w i l l  then 1)0 X / 2 , p r o d u c i n g  II t ap  r a t  io in

dB 01

10 ls sg 
(i~~~~~

2
~ i2)

Th is relationsht tp is plotted In h ” i g u t ’ t’ 2 7. ‘lime Irene! in F i g u re  lb Is

s Int l t a r  to  t im Is i~ lot

Thu is t’xp 11111111  Ion ol ’ t his ’ s’otII) 1 j u g  I t O  t I ttu S i i g gt ’s I e’sh that I I e ~ s’sitll) 111mg

I s moda I and thst t time hi ighe r—s t rde r ins us ls ’s Ill’s’ s ’ su u p  I i ’d st  rong lv w hu l i e  t h e

b ower— order  modes ar e weak lv  coup l est . ‘l’wsu st’t s suf s ’xp s’r  I r n c u t h l  I data hi t ’ s’

; i v h i  I t  h lh  i t ’ to  sh ow t 11111 t i m  (s  is  t h e  s ’h l S e  . 1” i r s  I • II  s I  fill i s ’ ph o t og r ap h  su I

t its’ I’ll r ftc Id pa t t  em f ron t  t he  I I ho I’~ i-i on I p u t  I s  slIown i n  F’ I glire .‘$ . This ’

1- 11mg or donut  b ssi I teru in  t its ’ s’t sup led to f f l i t ’  t~ is s’li ll ras’ Icr  1st Is ’ ii I

It I - h i , ’r — or der rntsds’s . T!te reduc t ion in i nt en s  i t  v l it a dt’ I In I t s ’  rad I (I S i n

t h i s ’  end I I ri ’s] I (he r  corresponds to t ime onset si I coup 1 1 ug t o  tht-’ other

f i b e r ;  t h e  t n t  o~ts i t  v near t he edge of the  r i n g s  ~ip~us’a rs to Ito sit’ s’ i’t ’h l S  I tmg

48 
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II I
ill

ittd icat  ing ills’ rt’.iss’sl i o ~~s l o r  t i m e  h i gh e s t  ord er  nods’s; .ind I l ie  sum 01

the intens i t  v in t i l t . ’ t so I ib s ’rs ;  is approximate i v  sons - i t t i n t .

The ss’s’ond ss’t o I dsi 1 ,1 pi’ess~i it s nleasu r~ nt, ’n t s made It s ’ b u t t  s ’s ’I l p  im g

• t h e  T coup le ’r to a I iber  b i t t  , i . ’hcd t ’ ,’ a p r i sm  s’oup I or .  Tb is ‘I ’ .‘ s u l l p  I 01’

had a tap r.st to sut ’ — 3 . 5  dB and t.’x ct .’ss I s ~ss s’ I’ I siB measur s’d in  (its’ end

f i re I s ’s I ar r a n g e men t  whi i oh s’xs ’ it s ’s I l l s ’  l e t  I I  N .  A .  ol  “nts’r Id t o n a l ’ ’  ittosls’~
The prism s’oup Icr sil lows t lit. ’ s ’Xs ’ it at ion of mode g rsu stps in  the f t  Itch ’ I Ii;i t 

F
. u i ’t.’ not  nt’s’s?sS,i i’ll v “immt ’r I d i  otta I ”  in  n a t u r e ; pr t ’s’ I oti s d i  t ,i [mm d i s i t  et.l t ha

titers’ is l it tl i’ I f  h i l l S ’  fll,’dt.’ nil x s  ng b i t  t he b u t t  s,’osijs I s’i’ bs’tws’ t’it f ihet’s . I -

Fi gure? 19 Shs)WS t l i s’ 0001) I i  im g bi nd I s~ss ( i n . ’ I ud lug  t im e ’ I s s ~~s ,i t the but ( 
I 

-

s’ollp I c r )  f o r  13 d 1st Ine’t nods’ g r su l i p s  ( I I d i  I t s ’t ’ s’n t  aug i s’s .‘ I I I ts ’ tdens ’t’

on the ’  p r i sm coup I ts r )  . l’he I ‘‘We ’S t ss ret e’m’ I l lodi ’S ( I i i  gIst ’s t nsoda I I i’ sIe’x l i st s

vs’ rv 1 ow s’oup 1 tu g  stud I suw loss (the ’ C) . 7 dB loss is t Vp  i , ’ s t i  s i t ’ a go. ’d h ilt t

coup l s’r ) . Tits’ 5101)—lone t i o n — I  I ks ’ h c l l , s s’ i so ’ for  b s st i t  I i to  t.’oup I i  ng and i s ’ss

o,’cu r r  I ng at  a modal  i i m d e x  t. ’f about  I . ~s~~5 co r r e sponds  t u u t u e  oit ss’t o t

si  gui I is’ant coupling t o  the’ s’ lad b t t  t i m e ’ t ape red  we I d .  The it i ghost  ,‘i’ sls ’i’

modes have s i gni I’ i s’b i u t  coup i lug, but h i r e ’ I eIB sh o rt  01’ t i m e  0 sIB desires!

r at  t o .  However , I l i i  s i s  on I V .1 I t ’. - s l i t ’ Ie ’i ’ s’ i t& ’e In . u\’ t ’i ’b i I i  ps ’s~’ s ’i’ t o  t i t t .’

tWt.l branches , wIt I t ’ll is wit h u t  t. ’xpe’r ims ,’ut b i t  01’ ro r . Al  I I r st  si  g Ist  . s’ite’

ml gi t t  expec t  I i lb i  I t I me ntodsi I lIVe’ l’ ,i go s ’l t i m e ’ coup  111)0, 1111(1 I s u s s  WOtI  I s i  equa l

th i s’ ineasu rs’d Is’ss and s’ ss up I i ug s i  L i t  I s it  F N . ,-\ . exs ’ I t od .  li i i  s doe’s not

.‘.-c ur , It owever , bes ’I i u s s ’ o l t i m e ’ s l i t  I s’rs ’tt s ’t’s iii iil,ud;l I s’xs ’ i t , i t  I o t t .  ‘I’.’ pros’s’

t i t i s p o i n t , would rs’quii-e ext.’ iting the’ coup let’ w i t h  sn I l1 s,’ul’ t.’t.’ . ~eI  , ‘i ’ s ’

It i s  ct)StI d be ds ’t t t . ’ , It s ws’ve’r , ti tt’ cstup I e’l’ was brokt.’u. S 1 1111111 r n loa surs ’—

men t s on d i l I ’t.’ i’ s’n s’slup I t’rs I t h iS’ ,’ sltown i l l  I t t , ’ i ’e , i ~~s’sl s’.’l t p  I l u g  ,iimsi l i l t ’ r t .’, i s t ’sl

lo ss  w i t h  l.EI) ss’ui ’s ’ e’s . For s’x.slllp Ic , v i  I ll bI ns u t IIi ’i’ s’s ’l lp  b r  ,iit&l ( l i t ’ l l s ’Ns ’

s’imd f i re ar rangement  we measured a tstp l’b l t to el  7 .  S dB h ind  I oss sIt 0 . 1 t.iB.

W i t h  t he  C I 1 A I A S  I.E Ti hil l s]  the Shinto in put  port , t h e  t i p  r h O  to m,’as S . I sIB

and I s ’ss 0 .7  dB.

We ar e now all i s’ to  m a i n t a i n  t t t e ’ i s u s s  I ~o’ t lit ’ 1—d it s ’s s l l i t l s’l’$ to

app r o x I m a t e l y  1 dB. For (i~~ .int l 10—s I R (‘tO.l j ) I t ’ I S • We .11’s’ bib  It. ’  t o  ma int sm I it

the I s u i-iss ’s s tIh St  sint t i l l  v hs’ low I s I B .  [Is ‘ Is t ’s t i’ t.’ssi I t  s ts’O I l , ss’ s’ stil t SI illt ’d

— to si ;its ’ I . ’r I— • Is~~. b in d I 0—.dB s ’ , ’i ip  l o i s  its ’ ii .i, , t ’I~ -s , ait sl 0. dR ,

rei p e c t l v e lv .
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I n  add i t  ion I t ’  t h e ’  ,lbove , wt ’ have ht ’c ’i i inv es t  i ga l  i ng  the  fea s i h i  11 t v

of nmak lug It I i c ’I d  u sh ib  Ic  d e v i s e  by p h as ’ 11mg I i  fused ‘1’ wi Iii , it  tached eon—

nee’t or s in a box. In  ti m e ’ l u l l  i .s I d e s i g n , a coup le ’r was mounted In a h s u x

7 x 2.  S x 0. ‘~ in. Tb is allowed a de qu a t e  room f o r  si t  t s i e ’hi  rig e’onnec to rs

to time ’ f s u u r  ends s u f  fused 1’. Tim e I in a l  ~m sss ’mb I s’sl d e v i c e  had an e ’xes ’ss

loss of 6 to  7 dB (app rox I ma t e l  v 1 ci B / e ’onne ’s ’ t o r)  and a coup I i  ng ra t  i su su f

3 db . ‘l ime ’ esinnec I s u m s  hi r t . ’ i n  II devt . ’ I opnient a I p r eu du s ’ I ion st  age’ a t  Hug it e ’ s

Connect ing  Dcv ices I ) i v  is I s u fl ~s I I rv l ime ’ ; s ’onnee ’ I s u r s  suf t h e  p r t ’st. ’nt  design

when made m d  iv idua  l i v  have ’ i su s s s ’s l e s s  t h a n  1 dI l .
67 .i
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1 5 — 0 COUPLING
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0 BUTT COUPLE COMBINATION
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4 _  — 2
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MEASURED LOSS WITH FULL
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2 
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0
1.468 1.458

F t  gsi r t ’  29 . h ut ’ me’5lsu reel loss  and s’siup I I it g  Vt .’ 1, 505 mssel s’ index  I s ’ !’ a

vp  ls ’,i I t w i s t  eel h i l t s ]  I h tps ’l’e i  ‘1’ s ’ O ( I p I  t.’r . ‘lime measui’s’si I ssss
w i t  It f u l l  NA ex t  I t  t.’d ~~~ I dii ; t he measure’s] I ~ip  I ’, I t  i & ~
w i  t h t  11111  NA s’Xs ’ I t  i’d w ,ss 1. dB.
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~t OI )AI ( ‘I {, \R , \ i , ’ ( f ’ R ( 5 ( 1  CS OF’ S I ’Ii ’ 1 NI1E - X 1” 1 HER S

- ~is ’ sIt. ’O I I t o t  t. ’p neis’x I i  hor s  fl ih l \ ’  l)s ’ O s ’ I s’s ’t IV s’ Is’ cssup le ’d to  Ilv s’b i rv ing

I lit ’ .ingIt , ‘I ins ’ i , !, ’n , ’ , ’ s ’I  Ot t . ’ , ‘1 u t i s ’al be’ ,iil l . P l , i n e ’  Wav e’s i l t 5 ’ id e h l t  at  l a r g e ’

, in~ I c- s s,- i t  It i’ s’ors ’ s - t I 5i I he fil t er ,ix is s-i I 1 s’Xs ’ i t s ’ i ii gli—order nods’s • wit t ic ’

p 1 a i ms ’ s- , i s ’ s ’s Oh ’ i dt . ’i i t  .11 50,5 I I . 5 1 1 0  I s ’s w i  I I e’N s ’ I t o  I s ’ss’— s ’i’dc’ r mssdt’s , Mode

m l x i  iso s i  I I s l i t  j l ’ i , i t  t ’ I v 1 l Iti l t I l l s ’ i l l  ~. I , t i i s ’ s’ s’’,’ t. ’l ’ eli I s ’ l i  t l l e s s ’ S i  gu s t  I s  w i l l

i’ t. ’r t ,i  i n i t t  t h e  I’ts ’~ I s ’5 l I t  is’l l i s ’ I m  t i s s ’\ vO l t ’ i,iu i m ~- Io-J . l - x j ’ ~’r it s’u t s  I l h s \ ’ t. ’ sho wn

l i . i t  imuosi s ’ u mi  \ I s t ~ I It s b , ’ I i I s ’ ~~0lS(I? ls ’l’ t ’ I h i  I l v  5 5 , 5  I 1 , 1 1 11 5 ’ st  s ’j ’  i t t d s ’x  I I he rs is \‘ s ’l ’ \’

sm.i i I .11151 sh’ s i- s l l s ’t ; s ’s ’ s ’ i’s ’ l u  1 1 11111 t i l t . ’ I s h O t  I s  s ’ S  5 515 ’ d h l l  I v  ds ’ps ’i i s l s ’nI  s ’ s ’O—

msizi  1 , - i t  i s u i m  s \ st  t O .

I i t . ’ s ’ x; ’ t. ’r ~ I ii s ’ 5 l t  , i I  , i I ’ l ’, I l l O s ’ ’Is t h (  5155 (1 ( 5 ’ d~~t es ’t  mo de ’ m i x  i n n  l I t  sIs sil

tildo\ I i I ’ , ’ r s  i s  ~ f s ~ ’i~’ im t l i  l ’ j0 es i ’ ,’ hi . ,\ l l s ’\s ’  I , s o s I ’ i s  t iS s ’ sl Is’ ,s tiit s ’h pl an s’

W’, iS ’ t ’O h i t , ’ I l l s ’ I i I ’ s - l ’  , t  5 O, I S ’ s ’iS ~l hm n b s ’ s- i  i l l  i ’s ’ s’b~~s ’ ’ i  t o  list ’ t l I t er  , s x i s .

l I t  ,l  s i  ~‘I’ i t l s l s ’N I i ’ s ’I ’ Is’ i t  Ii I t s ’ l t t s ) d s ’ it i \ i t i s ~ , I I t . ’ r h i e l  1 , S I  I s i l l  ~ h s u t i  I s i  s I ’S 115, 11 0

I ron tilt. ’ I I I  s ’ l l ~ I s ’I  [lit.’ I I bs ’I’ I t  I, I t t ’ 5 , i I ’l s  -SISS le  - . ,\ s’bltlls ’F,i iS l l i - b s ’ si t o
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The relation between the mixing c o e f f i c i e n t  I) and t h e  I iber l e n g t h

z needed for  the transformation of the ring distribution , due to SI mode’

propagat ing a t  an angle  ~) with respect to the  f ib e r  ax i s , I n t t u  a s o l i d

• circle i n t e ns i t y  peaked h i t  the cen te r  is g iven by 6

log U log z + log 2I ) 1
~

/ _  ( 1 2 1

This r e l a t ion  can be r ewi r t en  in a simp le r fo rm:

0 — = 41) z . ( 1 3 )  ‘

flu

The relation was de r ived  fo r fibers exhibiting weak mode mix ing, w i t h  t h e

assump t I silt tha t t h e  mode spec t rum is so n  t I nuous sin s] t h a t  mode ’ s ’oup I 111 5

t.us’ s’t irs onl y between nea rest  ne ighbo r ing  modes . Using t lu Is  t Cs’ilfll(l (it’, the 
- -

normal ized  mode coup l ing o f f  Ic I encv  I) f o r  the  1 km I stng s ’ t ib  led I i  it s’ t ’ was

c a l c u l a t e ’s]. A va l u e  sif

D = 5.6 x ~~~~ ~i~~d ( 1 4 ’ )  ‘

was found . From t h i s  v a l u e , the m i n i m a l f i ber  l e n g t h  ns’cs’ssarv fo r  com-

p l e t e  mode m i x i n g  can be computed . Th i s  case’ w i l  1 be c’tl I cu l at ed  (‘or t I m e

L a r g e s t  psiss I h i e  In c i d e n t  mode ( I •e ’ . t h a t  e’or resp ond ing  t o  an o f f  S i x  i s

angi  s’ given by t he  numer  ica I b spt ’rtu re ’  of t ime f I bet’ ) . Tints • suhst  i t t i t  I ng

I) N .A . ~ 0 .2  r;isl ( I  ‘) )
m

and Eq .  14 I f l t s u  Eq .  1 1  ~‘ i s ’l d s

(z )  18 km . ( 16 )
m m -

~~~~

There fore , I Li te r  longer t l i u i t m  18 km i s  ns’t ’s’s ss ir v  I s ir  ~‘ s’s nt p l e t e  mode m i x i n g .

Titus , In p r e ip er lv  f a b r l t ’smt i ’ d and cab led  t’lhers , ntstde m i x i n g  im t. ’t ’ t.l f l s t t  I u n i t

short and med (urn 1 engt It ntodst 11 y mu I t 111 1 exed s’ st  onm s .
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SECTION 5

FIBER PARAMETER STUDIES WITH THE OTDR

In princip le , the OTDR allows one to study mode coupling lengths ,

total attenuation coefficients , and both discrete and distributed scat—

• tering• If , for  example , the fiber contains an imperfection that results

in a localized attenuation , this technique allows determining both the

magnitude and posit ion of the d i scont inu i ty. The technique also provides

an easy way to check both cable length and insertion loss. This section

presents  a theore t ica l  t reatment  of the OTDR , summarizes the changes

made to the original instrument , discusses d i f f e r e n t  techniques that

were invest igated, and summarizes the experimental data gathered dur ing

the contrac t .

A. THEORETICAL TREATMENT OF THE OTDR

This discussion of the OTDR , which is included f o r  comp leteness,

describes work performed on Hughes IR&D funds and publ i shed  bef ore the

start of this contract. This work is the theoretical basis on which

this technique relies.

The op tical power at a propagation distance X in a fiber waveguide

can be expressed as

P (X)  = P(X
1

) exp 
[-1 

~~(x)dx]

= P(X
1

) exp [‘—ct(X — X 1) J  , ( 17)

where c t(x)  is the loss coe f f i c i en t  (which , in general , may be p o s i t i o n —

dependent) ,  and P(X 1) is the power in the f i be r  at p o s i t i o n  X~~• If the ’

loss c o e f f i c i e n t  is cons tan t , the above express ion reduces to Beer ’s law .

The conventional technique for determining the attenuation of an optical

fiber is to measure the optical power emana ting f rom the end of a f iber

51.,59 
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of length X2 , cut the f iber , and measure the power at length X
1
. The

attenuation coeff ic ient  measured in this fashion is

-

a = ~‘ J a (x)dx . (18)x2 x1 xl

The average attenuation coefficient a is , therefo re , dependent on the

measurement length X
2 

— X1
. The loss coefficient dependence on propaga-

tion length is a result of differential modal attenuation and modal mixing .

The optical power at a distance X from the fiber end can be written

as

P (X) = P (Q) ex~~[_ JT ct s
(x)dx] , (19)

where a ’ (x) may d i f f e r  from ct(x)  because launched modes are d i f f e r e n t

f rom those launched in the conventional insertion loss technique . P (O)

is the power launched into the f iber . Assuming tha t  the scattering is

indepe ndent of the modal characteristics of the light and is constant at

all points along the fiber , the power scattered in the reverse direction

at X is given by PR
(X) = SP(X) , where S is the f rac t iona l  part  of light

scattered and t rapped in the f iber  going in the reverse direct ion . The

power backscat tered at X , and detected at the detector , can be expressed

as

Pd
(X) = PR

(X) ex~~[_f 
a 5( x ) d x]  (20)

60
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L ~

where ~ “ ( x )  is the loss c o e f f i c i e n t  (‘or the bae k scu t t e r e ’el li ght . By

ma king the appropriate sub s t i tu t  ton fo r  P
R

(X)  , the d e t e ct e d  h a ck sca t t e i ’ s’sl

power Is

Pd
(X) ~ SP( O ) ex

~~~Fj  

Ia ’ (x )  + a’~( x ) 1d x ~ . (:~I )

The data obtained f rom the OTDR waveform s’an bs’ used t o  de te rmine !  S i l l

average a t t e n u a t ion  c o e f f i e ’ie nt , d e f i ned as

- E m  P (X)  - in P (X ) I

~

l l  
- , ( 2 2 )

whe re Pd (X ) i s  the de ’t os ’t o s i  h a ck s c at t e ’r t ’d power fr stm poi fl i X in  t h e  I Ib e t ’ .

S u b s t i t u t i n g  the !  proper  express ion  I or P
1 
(X) Into t h e  abstvs ’ de ’i (n i t  ist i t

r e s u l t s  in

/ I ’~’ x ) + s\ ” ( x ) l d x

= 
‘ ~~1 

-

~~ 

. (21 ’ )

‘l’ite ss ’ h l t  t e’I ’ Ing fu n e ’ I (silt S ~‘Sli t .i l x i i  lie’ s l s ’t ‘rii s l ne ’s] t~ r sini I irst pr i l l s ’ i p  I s ’~ s ,

‘rhi’ p r e d o m i n a n t  se ’h lt t t ’r t f l g  itios’im sini sii i in  g i5si-s i-i f i b e r s  I s  R s i v  i s ’igi i su I t  I e ’r —

tug  I ro m ml s ’ro s c s up l s ’ v a r t a t  I s ’ I l s ;  It  I l i t ’  I u ’s ’ h i I (hi s ’ Is ’,’I I’(s’ ‘sii i st s I l t t  h i S i t s 5 s ’ I —

a ted wi th  t h e  f rozt’n t lie’ rma I I h i s ’ t s l h i  I I oils s i t tile’ coiis I. i t t i o nt  I t  i ’I i iS  •

‘Flu i s  s ’ s’s ’f I I s’ I e ’it t i s

a ~~~~~~ 
( i t  — ‘ ) k , ( 2 ’ ) )

~ 5’st I’ s’

wiuere ’ k Is I3o1 t Zflt .t f lf l  ‘ i—s s ’ oi ts t  l i l t  , 1’ i s  t h e ’ I r h i l t s  I t  b i t  t t’fltiiersl t lii’ s’ It

which t it e  i i n c  tw i t  i stns  h i r e ’ I ros~s ’iu m t o  t h e ’ gI sisS , sun s] I’~ is I i t t ’ I sot he ’t’ma I - 
-

compress lb  ( L I  t y  of time mater [a I s it t hat t(’Inp s’ t ’s i t  t i r ’ . At \ 0.~
) 

~iüt , a I 
-

Is 1 .2 d R / k m  for  I used silica.
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TIts ’ l i g h t  i n t e n s i ty  r e m a i n i n g  in  a beam 01 m I t  I s i l l n t e ’n s l t v  1 a t

h i i t \ ’  p o i n t  x a l ong t h i s ’ 1’ Ih e r  i s

— a x
I (x ’)  = I s ’

.-s\ X — s ’s X
S ,i

= i ~‘ ~‘ • ( .  )
0

wher e ’ si  , the’ t ci I a  L I’ i lie’ r s i t  t enua t i on  e’e) e ’ t f  I s ’ I e’nt i S e’nmposed of a
i-S

( t h e  sc at  t s ’r i n g s’os’i f l s ’ l e n t )  • and 
~ 

( t I le ’ hI h ) Ss i r l t t ( s i l t  s ’ s~~’ l  i Is ’ ieit t ) .

I i ’, l s t  i n t s ’rts i t  v su i t  I e’re ’sI f r o n t  tlto bs’ani hi S  I t  t r s iv s ’ I s  a I s iO l, ti lt ’ I I her

fr on t  x I s ’ x + dx  i s  g i v e n  l iv

d I (x )  = I - u s’
t dx . (2~~)

I ’hi is  e’qti5i t I O n  ~‘ i t l  ho u se ’s] It ’ s’,i I en I s i t e ’ t i t s ’ I I g lu t  i o l  e’its i t  V l i s i i ’k ss ’s it  t o r e ’ s ]

f r om  a it s ’ani in  , i i i i  ghi  1 v mci I t  I mod e’ f i b e r . pI ’ov i sled t ha I sin ;isld i t  I si fla 1

geome’ t r is ’ ,i 1 1 ,Is ’ t or i s used t si , l s ’ c o u n t  f o r  I i  g l u t  I i’St I i I led  in  I i i s ~ f t  h i s ’ 1’

‘fIts ’ di stribution s i t  t l t s ’ R ,t v l e i  Ii ss ’ h i t t e r e ’cl l i g h t  I s  i s s i t r s ’spi s ’ . ‘l’ he p s i r —

I ifl u I  t h I s  1 1 glu t t i’ spp e ’sI by t l ie ’ I i lie’ i— i s  g i \‘s’It  li\ ’ I its ’ gs’s)ni e t t ’ i (‘ h i  1

t h i s ’ I s ’ I

( I  — ~‘~ i5 t~~) ,

wltere 0 i s  I l i s ’ m g i  e 5 ’~ i i ’ r s’spstnd in g  I s ’  t I t s ’ fluflis’r I s i  I s l i ’ s ’ t t t I I ’ s’ (NA ’) i ns  I~h s ’

he f i b s ’  r .  h” o r Sf151 I I N ,-\ I (bet’ s , t lie gt ’olsso I i ’ i ’,’ ,t I t Is ’ t or lios ’ s im s ’s

(; = 
‘ 

.

‘-il l

(i .~
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‘I’lte l nt s ’ns I t  v bae’ksca t t ered front a beam ol i i  g l i t  ol ’ I eng th u  L w i t h  l i t  a

I’ ihe’r Is give’n by

— ‘i x

I I i ( c ~ o dx
B o

= ~~ - 55

_ si
t I,) 

. (29)

This ’ i-- ss’ SI E l  er ing frac tion S is the’ ratio ~ I I 
B to I

= 
a ( — 

_a
t

I
~
) 

. ( ~( ) )

I f t ite ’ pr obe pu t so 1 s’ngt Ii w i t  It In  this ’ f I be’ r is  snia I I  compa red I c i t Its ’ t o t a l

ab sor pt Ion c u t o f f  is’ l en t  we nisiv a p p r o x i m a t e ’ this ’ sc ’ h i t  t i ’l’ i n g  f r s i s’ t  i st i t as

S = 

(

~~~~
)2 i l .  . ( I I )

This  same’ resei l t was s u h t s i  I its ’s] l i t  hI metre gen e’r a I way by K apr on  ct s i l

We l i , i V s ’ a l s o  ver  [ f t  s’sl t h i s  I h ost  t’ v i n  t Ite I sthora t siry

B. l ’ I - : I l-: C I ’ED RACKSCA 1’TEREl) POWER ( ‘s\ l CI’LAT IONS

The ’ prey I ot is  55 ’ s ’ t Ion dese ’ i’ i u s ’s t l me ’ I lt e s’u r e t  I c a l  lists I s  si ~~t ’d 1st an si  I v .~s’

wa ve’ fo  m i x  us I itg I li s ’ O’I ’I)R . ‘I’li I s  sOs ’ t I sin i i--s m t  s’nd i’d t o  P roy id e  h i  It  I l t s l  I —

s ’ , i t  (on 01 t h e ’ . ihso I t i l e ’ power I s ’V s ’ I s  hac ’ki--s c ’ , t  t I e’resl j i t t s ’ t l ie ’ OTI )R de ’ t s ’ s t 5 ir

We’ beg i n  h~’ s’s’ilS ide’ m l  ng t h i s ’ t s ’ I  I ow lu g  e ’q ci ;it  i s in fot’  1 I ts ’ el s’t c ’ s ’ t e ’el i s ’t ~
- , - i

1’ I, ,’)  = t t ’ k ~ 
1’ 

~ • ( ~2d i i u  s ’
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where

C . = i npu t  coup l ing  e f f i c i e n c y

C = o u t p u t  coupl ing  e f f i c i e n c y

k = In s e r t i o n  loss of the  d i r e c t i o n a l  coup ler

P = peak i ;i ser  power

= mean t o t a l  a t t e n u a t i o n  = a + aT s a

a = s c a t t e r i n g  loss

a = absorp t ion  lossa

z = pos i t ion  of the pulse  w i t h i n  the  I’ i be r

/ N A ~ cS = I~~~” J  ci —

S Ii

I = p u i s e w t d t h

I f  hi t a p e r  is used to coup le l i g h t  in to  the fiber typ ical values for the

v a r i o u s  p u r a n t e ’t s ’rs a re’

C = — 2 b dBIn

¶ 
~ = o d ~5)

k = - i . S d B

P = + 3 1  dBm ( ‘33)

Ii = 1 . 2 2  dB/km

N A = O . I h  I 
-

it — 1.48

Then in  u n i t s  s it dRm

= 34.4  + 10 log 1 — 2 ct~, z . ( 1 4 )

It
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F igu re ’ I-s  sh t s ie,’s t h a t  I I ts ’ j i s ’ s ’~-ss ’ s t t  I s ’ s ’ I i i t  Is Itis ’ i~’i I I ,i  I l s ’ t s ’ us Is ’  m e h i s t ir s ’

ztp p r e ix in t h i t e ’ l v  ‘Ot ) iii c ’t  I s ’i~’ — l os s  s, I t  5IR/ kiii ) I 5 1 1 s F , l u s t  sill I ~
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C. EXPERIMENTAL TECHNIQUES

i’h~ OTDR e x p e r i m e n t a l  a r rangement  used a t  the  beg inn ing  of t h i s

s’ o nt  r at ,- t is shown in F igure  35. A I 30—tisec wide  pu l s e ’  of 1 i g h t  f r o m  a

GaAs injection laser was coup led into the f i b e r  using a tapered f i b e r

couple r , 9 
(Typ ica l  tape red f i b e r  coup lers have tap er  ang les less than J O

and are appr ox imate 1~ ’ 2 mm l o n g . )  Li glt t  t r a v e l e d  down t h e  f i b e r  and

was s ca t t e r ed  f rom every  p o in t  along the  f i b e r .  Some of t h i s  s c a t t e r e d

t i ght was t r apped  w i t l t  in t h e ’ f i b e r  s in s ]  gu ided  toward  the  det ee ’ to r.  ‘t h e

s c a t t e r e d  wave fo rm was de tee’ted by a p h o t o d e te c t o r  w i t h  a 50—MH z b and—

w i d t h .  The output of the det e c t o r  was amp l i f i e d  and t e d  in to  a b oxcar

integrator operat ing in the scann ing  mode .  The b o x ca r  i n t e g r a t o r  drswe

an x— v recorder , p r o v i d i n g  si p lot  of t h e  return waveform. The t i m e  scsile

on t h u  is d i sp layed  wave f o r m  was conver ted  tei p r o p a g a t i o n  d Is Istfl c’ s,’ in t h e  -‘

f i b e r  by m u l t i p ly i n g  h’, t w i C e ’ the phase v e l o c i t y  of I i g h u t  itt t he ’  s,’(ir e’.

Dur ing  th is  program , e’f f o r t s  were  made t o  e’xt end the  c t  fe e ’t ive range ol

the OTD R . ‘rite in i t  i s i l  motivation f s ir  thi  is weurk was that t he  t a p e r  coup l e r

e x h i b i t s  a l ar g e  inpu t  e’oup l i ng  loss , wh i c h  l i m i t e d  i t s  d y nam i c  range .

‘th ree at t emp t s we’re made to  e’xten d t h e  range of this ’ OTDR measure’—

ments .  F i r s t , th is ’ 0. 9— h im GaAs laser Sct ( h t’c’e’ p r e v lou s l~ ’ tiss ’s] was r ep l~ie’ed

w i t h  a GaAIAs laser (\ = 0. 82 ~sm) . At  t h i s  new w av e I e n gt ~~, t h e  sihsc irpt ly e’

c o n t r i b u t i o n  I c i t u e  loss is s i g n i f i c a n t ly l ess ;  however , the’ peak o u t p u t

power ~u f I lie ava [l ab  Ic 1ev I c ’ s’ is twet e) rd s ’ rs sit’ ma gn i t  ode I siws’ r . We’ itad

hoped t ha t  the l ower h t l u s s ) r p t  ion and ( h o  s m a l l  s’r S i  , s ’ (h i g l t s ’r hr  I g i tt n e s s ’)

would compen sate fo r  the  I u iwe ’r p eiwer • but (lie ’ r s iu ge ’ was not  imprsive’d .

‘th e sit lie ’ r two attempts inV ei 1 yes]  tte’W coup I I ng ss’lts ’nte’s I l i st  t h av e ’ t Ite

po ten t  Ia I of c o u p  I ing more 1 ig hu t  m t  ~ ‘ t h e  f ihe’ r . The’ f i r s t  I e’s’ltn i sl o e ’

055’S a f i b e r  o p t i c  ‘‘1’” co u p l e r  w l t ( c l i  is coup heel to  this ’ t e ’st, t I h s ’t’ ~‘ I h i  51

s i m p l e  b u t t  s’c i i i i i s ’s ’ I ion (F’ I gur s ’ lb . III  i t  i a I cxps’ r Ims,’n t  s 1154 l u g  a ‘‘‘I’’’

e’oupler f ai l e d  he ’s’stuse’ of I l l s’ l ar g e ’ si msui ,tt t t si t  5c ’ h i t  t s ’ r i f i g  in  the’ c’cu up h e ’i’ .

A l t h o u g h  this  method has t u t u r e  p si t en t  L i i ,  f u r t h e r  Inves t  i g h i t  ion has

not been a t t e m p t e d  s ince  “T” c o u p l e r  opt  Im i z a t i o n .
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t h e ’  t l i i  rd t eclm i quo Is’ ,5 S rne’it’e’ SOs ’ c c ’s St  u l  i t  i s  t h ue 1i re ’Se’fl t s a m p l i n g

a rr~ingenien I LZSe’cI iii this ’ t ) ’FI ) R . Tb ix  t cc ’ l i i i  I que ’ i s  i i i  t i s t  rss t s’d in  F I gore 37

An i n  e ’ c’ I I ~un lass’ t’ 15 c c ’ 1 I i  msi I e’d wit it si Iii gh NA in I , ’ re i scops ’ 5 ih Cc ’ t I ye’ .

Thu is  I I glut is then  ps i I sit ’ i c’s] , P-si i’a 11 e’ I t c i due p1 Jtle ’ s i t  I lie’ I de’ne ’ 0 c u t  t h e

he’,irn x~u i  i~t t i_ F liv a G l a n — p r i s m  po I h i r  I 5-~s’h ’ , T h e A b~’si m 
~l’~ 

i t t  s’r i s  si l l  ordinary

22~s— , tii— thi jck pc h i  i s ’ h e .  ‘h is’ h i n g i s ’ ci~ th e pci u s ’ h e is s ’ h ss ise’n so th ,it i t

op I m i  ;~s’s t he t l i  rouput .  si t t lie’ P ~ O 1,11’ 1 zst t ion silts] th is ’ cc t I s ’s’ t I sufl s ’ f t he

s p0 Isu i’! zsi t Ion . Tb is l i g h t  is  I lien fos,’uss’d on t lie I i her end i,’ i t  Ii ,i  n s ’  I her

m is ’ rosc ’t ’pe ’ o bi  e’c’ t i y e ’ . This’ t ltlt fl s’ r i cal b i t ’ s’ 1t  t i r e  and foc ’st 1 I c h i c ’, I Ii s i t  t I i i  s

ls’tts s i r s ’ c hosen I s ’ mat ch  t h is ’ f i b e r .  th e’ f i b e r  i t  Sc ’ I f  i s  p l’ s’ c ’ I s o  I V l o c a t e d

us ing  hi t rumpet  a l i g nm e n t  t uh e~ t hu s -- s g i v i n g  a (j U l  c’k and e’oflvs ’n le ’iit  \,‘ , i V  to

exc ’itange f i b e r s .  The opt ical  power bsi c ’k sc ’ s s t , t er ed  v i  t iiii t t h e ’ f i b e r  i s

rees u l  I imated  and r c f le e’ted ot ’ f t he beam sp i I t t s’r . A s ’i- s’sss’d s~ I s i n — p r  ism

p o l a r i z e r  is used 1i s e l e c t  the s po isi r i  b~ h i  I ion to th is ’ h i  os’k ‘ s spur  i s i l lS

ref  h t ’c’t ions (such sis the  4% Fresnel  rs ’ t  I t’c’t ion f r o m  tile f i b e r  s’nd ‘I , w h t i s ’I i

si rs’ ~ p o l a r i zed  - F i n a l l y . t h e  backseat  tere ’d 1 igl i t  f roni t l ie  I i bc ’r i s

cicuse’s] on an ava l an eht e  photod  I eld~ • wit I e’h i  iS  ‘isod t o  cl e ’I s’s’ I t lie x i  g l i , i  1

Cal e’U I at  ions have sl ic iwn t h a t  thus ’ t ransm i 551011 sind l ’ s’ t 1 O c ’ I i  ott  I c ’sSe’S s ’

t he  beam sp l i t t e r  are less thuan — 3  dB when compared I s ’ t h e ’  op t  i m s i  I ~‘ , i s s ’

where  t h e ’  input  I siss’r hesim is to t sl h 1 v t r s i i u s n h i  t t i _ ’s] s i i id  b , i c k s s ’ ,i t I e’I ’s’ct be ’h im

t o t . i h l v  r e f l e c t e d .

We h i  t~e~ d ot  Cs’ t i t u g .i ;‘s i I s i i ’ i :,i t I s ’n r ot  h i t  e’s] by  00” t i’s’il i I lie ’ i lp t i t

po 1 , 1  r i s~.i t  ion — S l i t 5 ’ 5’ , in  mu I t  i mode’ g I ass t i t i c  i ’s , t h i s ’ I i i~uu  I I i g h i t  i s

che ’ps ’ I , s r i z e d  w i t h i n  s i s h o r t  el i s t  , s i i s ’ e’ , rnuc’i i less  t i t a n  th i s ’ pt ’t ’se ’lt t i’~’s~’ h t s —

t ~s) fl of t lie ’ O’i’[l R I, — 2 Ii ni )  . t I ts ’ ti h’l)R flis ’:l s t i i ’ c ’fli s’It t 5 ,i  FC ’ l i f l h i t f s’ s’ t e’s] liv t h i s ’

ps i I sir  i Za I isil’I—Ss ’ils i t  I \‘ e ’ de’t e’s ’ t  i t ’ll . ,\ I 5s ’ . lss ’~’ ,Il iSs ’ I h i s ’ Rh i  \ I s ’ I g l s — s~’ h i I t 0 Foc I

l i gh t  is i t  Se’ I t  dsi is i I s i r i ‘ c’st , t h u  i s si~e.usu Fs’fll e’t t t t cs ho iqUs ’ t~’ i 1 1 be ’ tisc f t i l

s’Vc ’il i n  s i n g  h e ’ nu isl~ ’ 
I I )  

or I 1( 111 1 ~l s - s i r s ’ 
I I 

h ’e ’i ’s whis’n t i t s ’ ps ’ h s i i ’  I ~,it I oii i s

press’rvesl s’’,e ’ t’ long  I e’iigt  Its  -

F [gore ’ 38 sh ows I lie bsis ’k sc ’ ,i I t  e’re ’s] s I git~t I I’ corn a -s — - k in  I s ’I is ’ ,  z ’ ,i ,I c le’c l—

index m o l t  i msids’ s i l  I s ’,I I i h ’ s ’r o h t , i  h it ’s 1 u s i n g  t h is  s ’ls ’SSt ’cl 1i s’I~ii’i:s i’ ts ’z’li

nique . l’hio e n t i r e ’ ret  u rn  s i  gua I can hi s’ see’n in  F’ I gurs ’ 1$ ( , s  ‘1 . ‘i’hs’

F’t’e’sne I l’ s’ I I s ~s~ t ion I rom the I aun s ’It ensl s i t  t lie’ I ills ’ i’ hi,ss hs’eu r s ’dus’s’sh Is ’

w i t h i n  5.5 dB 01 t h i s ’ R a y l e i gh scsi I t  or s ’sI r e t  u r n .  ‘l ’hu i s  ds’monst ra t  s’s the

69

- ~~~~~~~~~~~~~~~~~ ,, ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -‘  -



- ---- 5 - --- --’ -5’- z—’- — ,”—-~~-~ ,- - - .--,-- ’. ________________

I - ‘

q

-L

Ti

/ ~~
& /

~ --‘ I
,

‘ It

____
_ 

-5-’ -



— “—‘S— — —— -‘ r.z.’~~ —“— ,,—.—-—- -_-_ , ,, ,,_, -- ,~~~~~~~ 
. ,_ 

~~~~~~~~~~~~~~~ ~~~~~ -~~~~~~

~, i5, l I (ill I

( ‘ t ’,W t ; ‘101)1) b /.A St ’ s

>t O t i .’ / A i i l  l v  I
‘IA I 1 1 1 ) V I

a

t ’s . ’s’s i~ ‘1001)
)is I) Ii. ’ /1111 b 1i s, ’ ,

0.1 V

tu

i s ’ , - - I I I ‘ ‘ ,  i - ~ - ‘ i  i - 1 -  1 , - j s ‘ ‘ I  ‘ i  ,

— , - , i t  I s - I ,‘, I I , ‘ i i , ‘ ~~ - ‘ i~ -s i 1’ ,
l i z -  I I ’ , i l l s ’ s ’\ I s - - s  i i , i b  l ’ , ’ . i ~ ’’ l’ I 1 I s i

ho i i i , ’

-5 — - - - -  ——-
5’ --’ ----’-— - - - ----5 -— --- ----- -- -‘



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

ef fec t iveness  of the crossed pola rizer technique fo r blocking r e f l ec t ions

in the l aunch ing  a p p a r a t u s . Also evident in Figure  38(a) is the Fresnel

re f l ec t ion  from the f iber  end (4 .2  km away).  Fi gure 38(b) is a lOx

enlargement of Figure 38 (a) .  The exponential decay of the Rayleigh l i ght

J,s c lear ly  v is ib le  in Figure 38(b).  A small imperfection in the f iber

is also v is ib le  in Figure 38 (b) .  This is evident by the small blip in

the Ray leigh return approximately 1/3 of the way to the f i be r  end

(‘td.5 km down the fiber). Unfortunately, we are still only able to see a

— Ray leigh re turn  from slightly over 2 km of fiber using the 0.82.-pm OTI)R.

Alt hough this work was successful in coupling additional light into the

- - f i b e r , it was still not possible to measure the total length of the 4-’knu

fiber using semiconductor lasers. To overcome this problem , an OTDR was

b u i l t  that  used a Nd :YAG laser. The coupling technique illustrated in

Figure 37 was n tod i f ied  by using a s ing le  C lan—pr i sm po l s ir i z e r  t s u  r t ’p h . i s ’e

the two p o l a r i z e r s  and the beam splitter.

A h igh—speed , h igh—peak— cur ren t  pulse generator  fo r  S I S e ’ as a l s i s s ’ r

diode d r i v e r  was developed . Wi th  th is  device incorpora ted  lut s i  this ’  ‘I’h)R ,

pulses as narrow as I nsec are ava i l ab l e  to probe t h e  test  f i b e r .  The

ava lanch e t r a n s i s t or  technique is used fo r  generat ing these’ h i t g h  cu r r e n t ,

very short  pu lses. 12 ’’3 F igure  39 is a ss’hema tic of thte pulse’ ge’neratsir.

Th e  74 123 dua l one shot m u l t i v i b r a t o r  is used to cont ro l  ‘t h e  pu l se  rs’ps ’ —

t i tt o n  f r e q t i e ’nc ’v and to provide a var iable  t r igger  delay for  svnc ’huroni ziug

tiis’ exper iment .  An emi t te r  f o l l o w e r  (2N2222 )  amp l i f i e s  the t ri gge’r cur-

rent and d r ives  the avalanche t rans is tor  (2N301 9).  When the  t r i g g e r in g

s igna I~ reachus ’s th t e  avalanche cans islor , It  breaks down s 1)1 sic I ng si luogsi—

tive’ voltags’ step si t amp l i tude

V = V~ 1, — BV
~ ER

— on the  t ransmiss ion  h Il t ’ . BV (.FR is  the  s’o I l e c t o r — t  s t — e m i t  t s ’r bre ak el s iwn

vol t age when this ’ base is  ret uriued to t lts ’ s’m i tt  s’r t hurough a res 1st silts ’s’ R.

Sills ’s’ th i s -  i n  i t  Ia  I s’urre’nt I n  t his- t r~ittsni i s s i  sun l ine I s  zi ’ i- si . thu  I s  vs ’ I t  , i  go

ste ’p is  as’conupan led by a c u r ren t  st eu s i t ’ amp 1 1 1 tide

I ‘~ ~~/U’,
0 + ‘~I ,

’
~ 

• ( 3(t)
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where 2
0 is the  c l u ar a c t e ri s t  Ic impedance of the  t rausmlss lotu , stud ?.

L 
is

thue impedance oh ’ the  load .  Peak cu r r en t  Is t itus  I I m i t  e’d iuv  t h e  sum of

t h e’ charac te r  1st Ic impedance of t h e  I rat t smi ss  I s i t i  11 its ’ and the  ss ’r I s’s

impedance of the  l a s e ’r diode and by t h e  t r a n s i s t o r  BV cER . At the ’ t i m e ’  1 ,

when it reas’Iios t h i e ’ ~‘tu d oh  thi s ’  open s’ I t’ c’u [ted  t r s it t smissism l i n e , t h i s

cu r r en t  St CI) is re’ t I s ’ s ’ t s’d as a nega t i ye’ c’ u r ren t  pu l  -s--s c ’ cut ’ thus ’  same amp 11—

When t l u  i s  lus ’gs i t  I vs 5 s’u r r s ’n t  p u l s e’ re as’hs’s t h e  c ’s’ 1 lee t sir  oh  the

ava lans ’hie ’ t r 5i its  1st si t ’ (1  = 2 ) , I t  I ot’wsird b lass’s t h e  I is i se ’—e ’o I l e e ’ b r

j unc t ion , shut t ing s i t  t t lu’ transistor. The pulse w i d t h  is  t’ s un t r o l  I s i b i s ’

1w chuang ing I he 1 e’ngt Ii s i t ’ the ’ t r;insrn iss I ott Ii lie ’ . h-’ I gun’ 40 shows

t y p i c a l  co l t s ’ s’ tsi r s ’u r re’ itt wave t s rm - The’ s ’ h i i r at ’ I e i’ 1 st  Ic imps ,’d sins ’ s’ si t  t h i s ’

tr ansnt t ss  ion I I  ne was itsut qII i t  s’ mat  s ’h ie ’eI h\  t lie ’ I su s i d  • s i s  t h i s ’ l’s’ t 1 es ’ t I on

shows . A l t h o u g h  F h gs ir s ’ 4 (1  shows a i~~i I S t ~s~~~t,’ I e h s ’ pu h st . p u l  se’s h i s  s ho r t  as

I flsee’ have’ iis ’s ’ii sib 1 . i  I its ’sI .

Twsi l’s’ h a t s’sI p l ie ’ns iflis ’t t i t  e’ , I I I S s ’ Ss ’I i i s’ l u s t  rlitl is’tt t . 11  ion  s l i t  I i s ’ s i l t  i s ’s wh e n

p r o b i n g  th is’  t ibs’r w i  t i t  vot ’~’ i t . i i ’ i- ’o~- p 1 i l 5 e ’~ 10 1155 ’s ’ )  - I ’ h r s t  , t hus ’  s c a t —

te rs’d d~~t es ’t s ’d P0Ws ’ I’ 5 ~)1’s ip tsi ’t I t i f l , i  I I i i  ti l t’ pi’subc ’ PU 1 Se’\s’ E d t  Ii ( E q .  (2

j  ~ i i i 1 i

Sn,.c/div

I” I gure  ‘ i i) . Cii  h I s ’ s ’ tor s’urrs ’nt wavefoi’m.
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Consequent I ~‘ , a I t i gh u e r  power source must  he used in t h ese’ e x p e r I m e n t s  to

preserve t h e  same system dynamic range ( i . e . ,  so t hat we

can see through t h e  same lei tgth  su f f i b e r ) .  Second , the  iue -’sik a m p l i t u d e

sif the  Fre sutel  ref  I ee’ tlons t h a t  occur in the e x p e r i m e n t  depends onl y on

the  peak power s’ I’ the source.  Hence , the  Increase  in s s uu r c ’ s’ power

required t su  m a i n ta i n  svste ni d ynamic range I n s ’u r s the pena l t v  of Increased

Fre snel reflection , wh ich c ’s i l i  cause detector—prea m p li  f l er  ssttur at ion .

D. BAC KSCATTER INC ; EXPER IM E N TS

The taper  coup le r  m i t  [ s i l l y used In tht s ’ ha e’k scs i t  t e r i n g  exp s-r lme it t s 14

provided suit ’ Ic lent  d i r ec t  lona l i ty  to e l i m i n a t e’  t u e  incest fe ir  s ’l t i ue r  e l ec—

n eal ’5 or opt lcsi h g a ting  to prevent d et ec to r  sat u r at  ion . However , a

ra ther  s’omp lex mod si 1 d ist r  ibut  Ion , which  s I I s’c t s the  me is ured at  t e-nua l i o n

coe’ffls’ lent  In f ibe r s  w i t h  l i t  t h e  mode n t i x i n g .  was l a u n e ’iis’d - Tb i s  pr sih—

1cm was e’lr c ’umvented by I n c o r p o r a t i n g  a mode sc ramble r , wh ich  converts  the

input  d i s t r i b u tI o n  int si a d i s t r i b u t i o n  more ’ c l o s e ly  . i ppr ox lma t lu g  t lie

s t eady—sta te  d i s t rib u t  ion . An exper imen t  wsis p er f sirme’d s’ Inves t  l a t e

the launch charac t s’r 1st I i ’s ‘ - I ’ t he  hackss’sut I er i itg me’asurs’iiuent a p h u a r s i  I u s .

The expe r imen ta l  a r r angemen t  used Is shsiwit in  P igu r e  4 1 - A I lO—lisec’

lass’ r p u l s e  was 1 aunchued i in su the t s ip s ’ r s’oup h e r  f a b r i c a t e d  In a sluor I

l eng th  sit f i b e r .  ‘I ’lue s iteir t  i i  hi s’r was t lien s’c i l t l l t ’ c ’ I s’sI u s i n g  an embsisst ’d

g r s u c u v s ’ c o u p ler  to a I — k m  sec I ton of t’s iit led s t e p — I n d e x  f i b e r  p i t i ’s’iuased

t ’ rom Corn ing .  S I n c e  a gosisi emhs ssed grsuove s’OUp h e r  s l sts ’s i t s u t  e’I it tSs ’ meisle

m i x  t u g ,  the modal d i s t r  [hni t Ion isiu i tc h ie ’ d I itto t hue t a p e r  s’e u j u l e r  was that

l a u n c h ed in to t u e  i — k m  h ong  s’si h I c .  A rs id 1st 1 ss ’ s l l t  • sif t lie’ s in g u l  sir  rstd i , i—

I 15111 pat  tern  emsinat Ing f ront  t lie’ t ~i r s’tud s i t  th is ’  1—km I Iber  w i t  it no mock-

mixe r  is shuown In F i g u r e  42 (‘I ’ r s i s ’o A) - l’ras’s’ I~ l i i  F I g u r e  42 i s  ,i Ss ’sl l t

obta [ned at  t lie f a r  end of the  1 —km l i b e l ’  , i t  t e’ F t Its’ modes were ’ t n t  en—

t [tuna I l y niixed sit the i n p u t  w I t  Ii a moths ’ ml  xt’ r . ‘Vhs ’ mode ’ ml  xer  e’e ’ns 1s t s

oh  an I t r s l v  c u t ’ No. 18 gaugs~ l si s’qu e’r—cos ttcd w i  l’ e ’- s~ h u h s i s ’esl sisi  I a s ’s n t  i i i  s ’sie ’hi

t i t he r .  ‘flue t su t  a I I eng th i  eif t h u  is pe r Iod  Is ’ si r t’ .iv was 2 . 5 s’tn. A I t  t~ r p 1515 ’ l ug

h u e  f ib e r  on the a r r a y ,  a rubber pad was p h .Is ’s’sI siyc ’F t h i s ’ t I her sind hi

200 g weigh t placed sun top sit ’ I t .
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/ 1km CABLED
EMBOSSED CORNING FIBER

C, GROOVE
COUPLER

Fi gu re 4 1 .  Exp er im e nt su i s o t — uj )  used Isi  i n vs ’st i g a te  t h e  e f f e c t
of this ’ inside m i x e r  on t It s’ lists ’ kss’su t t er e x p e r i m e n t s .
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Figure 42 .  Modal content ot’ CCW 491 1S2. Ps wer  d l s t r l h t i t l o i t s  were measured

at a d [stance of 30 s’m fr o m  the  s ’ he a v ed s’flsi of t 1w fIber .

(A. 1 km no mode mixer , R . 1 km w I t  11 mode m i x er , C. 1 /2  m

no mode mixer , 11. 1/2  in mode m i x e r . ’)
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Mode mixIng was caused by the microbending that resulted . The 1—km

cabled fiber was then cut  1 m f rom the  mode mixer  and the  scans repeated .

Trace C in Figu r e 42 Is t h e  r s ’sult  ob ta ined  w i t h o u t  tile mode mixer;

Trace D in Figure  42 is  the  recorded scan w i t h u  t lte  mode m ix e r .  These

data ind ica te  that , by incorpors t ing a mode sc ramble r , si h a u n c h  d i s t r i -

bu t ion  tha t  f i l l s  the NA s u f  the  f i be r  can be r e a d i l y  ach ieved . The

in se r ti on  loss of the  mode sc r a m b l c ’r used was measured to be 2 dB.

The e’ffect of a mode mixer  on t it e  b a ck s c a t t e r  da ta  was inves t iga ted

using a cabled Corning fiber , CCW 491352. The exper imenta l  a r rangement

was the  same as In Figure 41. F igure  43 shows the results of tht ese

exper iments .  The c losed  c i rc l e  da ta  oh ’ F igure  43 was obta ined w i t h o u t

a mode mixe r used , and the closed triang le data was obtained with a mode

m i x e r  used . Several i n t e r e st I n g  f e a t u r e s  s tand  out  in t h i s  d a t a .  F i r s t ,

when the mode mixer  was removed front  thu c s e t — u p ,  four distinc ’t regions

sif d i f f e r e n t  loss became a p p a r e n t .  The’ regions ex t end  freim 0 to 97 m ,

f rom 97 to 256 in , f r o m  256 to 345 m , ari d f r c tm 345 to 980 flu ’ These f o u r

regions are separated b y t h i r e ’c d i s c o n t i nu i t  i c’s , sus shown in t u e  i n s e r t s .

The f i r s t  d i s c o n t i n u i t y  ( i n s e r t  A) is  u n i que in t h a t  i t  exh i b i t s  si s h i g hut

r e f l e c t  loll . A l l  th ree  di s c o n t i n u it  is’s e xh t i h i t  a smal l  excess loss sit ’

“0.2 dB.  Since the loss changes su s the li ght  passes t h roug h t it ese d i s —

c o n t i n u i t i e s , we csln p o s t u lat s’ t ha t  ths’v s u f f e e ’t the  modal d i s t r i b u t i o n  ‘ 

-

of the  l i gh t .  I f  we make t h i s  a s s u m p t i o n , t llen the  loss changes q u al  i—

t a t  lye l y f o l l sw .  Since the  taper ed f i her coup le r  is k ilt ’iwn to l a u n c h  power

p redominan t ly  in to  h i g h e r  order  nodes , and since h ighe r  order modes s i re

t y p i c a l l y more Isi ssy,  th t e  loss in the  f i r s t  segment of t u e  f i b e r  shou l d

he t h e  h i g h e s t .  i t ’ the d i sc ’s in t in u i t i e s  mix  t h e  modes , t h en  t h s ’v m i x

both  upward stit ch downward in ang le (mode n u m b e r) .  Since the  ta ller  coupler

launchtes power In t e t  the  h i  gh ier o rder  modes , t lt e  power that Is  mixed  upwar d

in ang le by the’ f i r s t  d i s c o n ti n u i t y  is cstup hs ’d In to  r a dj z t t I ,in and le ’sikv

modes r e su l t  ing In excess loss whli Ic  the  power mixed  m Ist lower  ang les

pr op agst t es  w i t h  l e ’ss h e u s s  . The’ r e s u l t  is  t ha t  t lte has’k scat t e ’r da t  a in

the ses’sind reg ion i s  expec ted  t o  e x h u i h i t  s’x s ’ess loss at  th te  d i s c - t int  i n —  . I -

u i t y  fo l l owed  by a reg ion of lower lo s s .  A second metd e ’— m lx ln g  d i s s ’o n—

t in u it y  is again  expected to  5’stt ) l) l s ’ the  new l ower order mode d i s t r i b u t  ton
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et f the second region into higher and lower order modes. Some power is
lost due to coup ling to radiat ion modes (excess loss) and the resu l t ing

dist r ibu t ion  of l ight in the th i rd  region is expected to contain some
modes that are more lossy and some that are less lossy titan in region

- ‘  two . Since th e backscatter set—up is unable to dis tinguish between

these groups of modes , it measures an average loss. This average should

be slight ly lower than in region two . A third d i scon t inu i ty  operat ing

on the compl ex mode’ dist ribution of the th i rd  region is expected to
coup le power from hi gh—angle modes to radiation modes resul t ing  in excess
loss, and to couple the remaining power into , on the average, still lower

order modes resulting in an additional reduction in apparent loss.
The data obtained while employing the mode mixer is also interesting.

A single loss (slope) is evident throug h out the f iber  when tht e mode mixer
is used. Also , the second and third discontinuities just described are

nearly invisible in the mode—mixed case. This is strong evidence that

these discetntinuities are locsuted at or very near to the core—cladding

interface. Since higher order modes are present in the unmixed case,

the optical power is predominantl y near the core—cladding Interfsuce. The

mode mixer causes s~ more nearly steady s ta te  d i s t r i b u t i o n  to be launched
into the f i be r  and consequently there is much more power in the c’e’nter

of the core than near the core—cladding  i n t e r f a c e,  Consequent ly , we

expect a discontinuity at the interface to affect the higher order modes

much more st rong ly. The firs t discontinuity is present in both measure-

ments wi th approximately equa l amplitude,

A conventional spectral inser t ion  loss measurement was a lso p erformed

on this fiber. The results of this measurement are shown in Fi gure 44 .

Corning provided a single data point on this partis’ular fiber. This data

point is also shown sin the fi gure . The emission wavelength of the  GaAs

laser source used in the b ackscat te’r experiments  wa s measured and found
to be 0,896 pm . The data in Figure 44 shows t h u s i t  t h e  convs’nt Ionai  kiss

measuremen t predicts 11.8 dB/km at this wavelength. Th is is In  exs’ehlent

agreement with the 11.9 dR/km measured using the backseatterlng technique , -

and a mode mixer. The’se experimental results rs’s’onfirm t h i s ’ measurement

accuracy of th is technique .

- 
-
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A l0—nsec—wide pulse was used to investigate the loss in Corning

fiber C—l000. This fiber had been measured 48 times previously to deter-

mine the repeatlbility of OTDR nueasurements)’
4 The average loss deter-

mined from these measurements was 8.11 dR/km. The 10 nsec data (see

Figure 45) indicates a loss of 8.09 dB/km (in extremely good agreement)

until the signal becomes lost in noise about 700 m down the fiber. The

lO—nsec—wide pulse provides a loss resolution of 2 m as compared with

the previous resolution of 26 m. Even with the increased loss resolution ,

no discontinuities in loss are apparent in this fiber indicating the high

quality of this particular fiber.

HRL is developing and testing high—tensile—strength glass fibers.

The first of these fibers was investigated for this study. The fiber

was 539 m long. All but 156 m of this fiber had been protected from

contamination by apply ing a metal coating to the fiber. The preform

from which this fiber was manufactured contained many small bubbles , and

the uniformity of core refractive index was suspect. This fiber conse-

quently presented a good opportunity to test the capabilities of the

OTDR. As expected , the first OTDR measurement indicated that thte fiber

had significant losses. The losses were so great that the OTDR did not

have sufficient dynamic range to study the entire fiber. The fiber was

subsequently cut into three sections and these sections examined m di—

vidually. The results of these measurements are listed i~ Table 3. A

semi—logarithmic plot of the detected waveform from tite center section

of fiber (partially metal clad) is shown in Figure 46. There are two

striking features of this waveform . First , there is an increase in th e

detected signal power as the probe pulse enters the metal—coated section

of fiber . Second , there is a region of very high loss just within the

metal—coated region.

There are several potential fiber discontinuities that might he

encountered using the OTDR. These discontinuities include:

• Sudden core diameter change

• Scattering coefficient change

• NA change
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111dB/km 
—

37 dB/km :

E i 
UNCOATED 

=
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Figure 46. A s e m i — l o g a r i t h m i c  p lo t  ‘f t h e  de tec t ed w a v e f o r m  f rom the
center section of HAC fiber (part i aulv metal . clad).
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• Lossy coa ting introduction

-
- • Simple dielectr ic d i s con t i nu i t y  (crack or bubble) .

Table 3. TDR Resul ts  on MAC P425-i

Dista nce f rom Loss ,
Reg ion Uncoa ted End , dR/km 

Commen ts

1 0—38 39 Uncoated

2 38—84 29 Uncoated

3 84—105 29 Initiall y broken
be tween 2 and 3
uncoated , Figure 46

4 105— 156 37 Uncoated , Figu re 46

5 156—192 111 Metal—coated , Fi gure 46

6 192—324 50 Meta l—coated , Fi gure 46

7 324—409 94 Initiall y broken
be tween 6 and 7

8 409—434 86 Metal—coated

9 434—539 40 Metal—coated

The detec ted Rayleigh scatt ered power is given by Eq. 32. Using

this expression , we can attempt to exp l a i n  the ’  behavior  of the ’ center

sec t ion of the MAC f i b e r .  This  sect ion can be’ d iv ided  In t o  f our dis tinc t

re ’gions , each of different isuss characteristics. The first region of

20 m exhibits thue l owest loss, 29 dB/km . Since thue r e s o l u t i o n  of t h i s

system is 26 in , the loss measured In this first fiber segment Is suspect

Thue ss’cond region is 51 m long wit - lu a cluarsus’te ’rist Ic loss of 37 d R / k m .

Toward the end of thuis second reg ion , an apparent increase in the

returned signa l occurs , br i ngi n g us Into the thtlrd loss region 36 m h ong

exhib iting a very hui gh lsi ss, 111 dR/km . The f o u r t h  region I s  112 m long

and lusts gloss of 50 dR / k m .  The d Is cont inuity ‘20 m down thu e fiber exhibits

very li ttle ’ excess l o s s .  It dsue’s , huowever sipps’ar t o  m I x  t he probe—

pulse’ power d 1st r ibut ion i n t o  lu I gher order  modes • acc oun t  I ng f o r  t he

tu t ghcr  lou - i s in the se’cond reg ion . S tn c’i’ t h u s ’ taper coup h s’r co u p le s  power
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i l u t t u  h i g h order modes and leak y modes , we expec t a large por t ion  ot  the

power Is i n  leaky meudes following the f i r s t  d i s c o n t i n u i ty .  Since the

s iZ e ’ of t h I s  ci I scon t  illulty appe.i i-s to be about  th ue  same’ as the ’ probe

pulse h e n gt h  we’ expee’t t h a t  t h i s  is a bubble or s-r ack.

The apparent  i n c r e a se  In  si gna l a t  the ’ second d i s c on t i n u i t y  is

postulated to he a change in the’ s c a t t e r i n g  cs s ’f f i c ien t , Thue

b eat ion of this d i s c o n t i n u i t y  corresponds w i t l u  the p o s i t i o n  where t h u e

m e t su l  c o a t i n g  beg ins . We know tha t  these e a r l y  exper inuen t  si l  f i b e r s  suf-

fe red  a d d i t i o n a l  nuodc mix ing  caused by m i c r o hen d in g . T l u t s  observat  ion

is cons ist ent  w i t h  the present a s s u m p t i o n  of a s tep  change In sc sit  t e’ ri n g

t’oe’t ’ f i c ie n t .  In add it ion , Eq. 32 suggests that thus ’ nuagni tude ’  ot  the

appar en t signal gain should 1)1’ the  r a t i o  of the  two ss’at t s ’r i ng  coe’t’ficients .

As the  probe p u l s e’ s tar t s  i n t o  the  d i s c o n t i n u i t y ,  the  s igna l anip i I t u d e  is

1l~ (arbitrary units) and as i t  j u s t  gets into the third region , the

ampl itude is 155. The ratio is 1.35. The scattering c oe f f i c i e n t  it

(as determined by a l east—square exponential curve fit of the d at s i ) in

region two Is —16.92/km and —23.12/km In region three. Tlue r a t i o  of

t lus ’ss ’ two c o e f l i c i e n t s  is  1 .37 , i t t  good agreement.

The s’xt rems’ l y h i gh loss in  reg ion  thre s’ ( 111 dB/km )  is su t  t ributed

to the sttte ’nusut ion of leaky and huigher order  mode power caused by t h e

Iurs ’sence of the ’ m e t a l  j a c k et  on the f i b e r .  Add i  tioi’tsi I evide’ncs’ suppor ting

th u is statement is found In the’ measured effective NA In the uncoated and

coat ed ss’c t ions.  Fo i l  owiitg  t hue coa ted  sect  I Ott t h i s ’ el t’e’ct lye NA is  reducesi

s igni  t icatut l y (h (~ ,) over thus’ ci’ f e c t  ly e  l a u n c l u  NA.

T h e  e f t  s’c t t u I s m a l l  r ad ius  bends s)n the t r a n s m i s s i o n  e f I ight i i i

m e ’t st 1— l a c k e t e s l  I Ibe’ r wav egutdes  was inves t  i g suted .  The expel- t m e n t a h

surrs in genue nt  Is shown in  Fi gure 47 .  T u e  I ib er used In t h i s  experiment was

ii l g i u — s t  rcngtli step— insiex s i l  ~~~ f i b s ’r w i t l u  an Al I s i c k e t  f a b r i c a te d  sit

11)11.. Tb is f i b e r  was n l su i l i i f i l c t u r s ’d  s’str  l v  in  the developm en t o f our I i her

draw l tug I sic I l i t  I cs and i s  t i o t  part icti 1st r lv u n i t  orm or 1 ow loss .  The

aversige loss measured on t h e  OTDR in t h is p ar t  i c ul a r  t iber  was 29 .4 sI l l/ k m .

The I Iber  was f u r t  her  s’haracte ’r l  zed by a i 17 u r n  o . d . and a 45 lInt cor e ’

diameter. Some d I scsnt inn it I s’s in the r e tu r iu  ( I ’  I gure 4 7 )  ar t ’  appa le t l t

l i i t ’se’ d i  scoitt  Inn  I t  I es were p r o b a b l y  caused b y var  t a t  ioils in ml  c rohend i ng
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loss induced in the fiber as it is coated with metal. Variations in the

uniformity of the metal coating are known to causr similar behavior in

these fibers. Trace A is the OTDR return with straight fiber. Trace B

was made with a single wrap around a 1/2—jr . mandrel. Traces C and D

were obtained with a single wrap around 3/8— and 1/4—in. mandrels,

respe ctively.

E. FIBER PARAMETER STUDIES ON THE 4—km GRADED—INDEX FIBER

Optical characterization of a 4—km, con tinuous , graded—index Corning

fiber (G4000) was performed . The spectral loss data (Figure 48) was

obtained in the conventional insertion loss apparatus. The fiber exhibits

reasonably low loss , and the measurements obtained at HAC agree very well

with the CGW data. Our spectral data were obtained using a 0.2 launch

NA and a tungsten filament source. Cladding mode strippers were used at

the launch end of the fiber during the measurement.
- 

- The initial OTDR characterization of G4000 is presented in Figure 49.

The OTDR emp loyed a Q—switched Nd :YAG operating at 1.06 urn. The laser

I I 
pulses were measured to be 20—nsec wide. The peak pulse power was 100 W.

The launch NA was 0.06. There are several interesling fea tures in this
characterization. First , there are th ree re’gisuns (labeled I througlu 3)

of dis tinc tly d ifferent loss in the fiber. In addition , there are three

dis t inc t poin t discon tinui ties vis ible , each of which exhibit reflections.

These discontinuities are labeled A through C. Figure 50 was obtained

by turning the fiber end—for—end . This caused reflection A to disappear.

This experiment was repeated several times with power launched into both

ends. The loss data from these experiments are given in Tab le  4.

One f e a tu r e  seems to be missing from the above data. Olshansky had
predicted ,’6 and observed experimentall y, 1’7 a stead y—state mode—mixing

length in graded index fiber. Th’r-is mode mixing length is characterized

theoretically by two different characteristic attenuations . tile stead y—

state value and a different attenuation before the steady—state is

achieved . For this fiber , the mode—mixing length is predicted to  be

just in excess of 1 km. That an approach to the steady—state was not

obse rv ed may be exp lained in two d i f f e rent ways.  The stead y — s t a t e

88 -
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Table 4. Loss Data Obtained From Eight
OTDR Characterizations of C-4000

Loss Region
Measured Attenuation , 

________ _____________ ___________
dB/km 1 2 3

1 2.43 6.67 2.07

2 2.43 6.06 2.18

3 2.15 6.06 2.33

4 2.18 5.51 2.08

5 2 .47  4.89 1.84

6 2.46 4.60 1.81

7 2.38 4 .73  1.91

8 2 .75  6.15 2.07

Mean , dB/Iwu 2.41 5.58 2.04

F 
Standard/Deviation, 0.19 0.77 0.18
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I
mode—mixing . l ength may be much shorter than predicted theoreticall y . If

complete mode—mixing occurs w i th in  the first 5 m or so , the transition ,

because of a lack of spa tial resolution , would not be observed . A sec-

ond ex pla nation is t hat the a t t enua t ion of a low NA launched beam and a
-
~~ high NA scattered beam just cancelled . The launch NA of our experiment

was a ve ry low 0.06 . The backscattered l ight  has an NA which effectively

overf ills the fiber . The a t tenuat ion  measured by the OTDR is then the

average a t tenua t ion  of two very different excitations. Each may have

its own characteristic mode—mixing behavior , but it Is at least possible

that they both exhibit the same mode—mixing length.  If th is  occurs , an

equal and opposite e f f e c t  occurs that tends to cancel. In other words ,
the norma l a t tenuat ion  for the 0.06 NA light 

~~~~~~ 
is less tha n the

stead y s ta te  (a5) .  The a t te nuation for the o v e r fi l l e d  fiber (a0)

is greater than the s teady—state  and

a + c t  = 2 c t  -0.06 o S

To test this l a t t er hypothesis , mod i f ic a t ions wer e made to the Nd :YAG

OTDR. The pulsewidth was increased to 300 nsec , corr espond ing to a pulse

60 m long inside the f iber .  Two changes were incorporated in the o p t i c a l

system as compared to the previous system . A variable aperture was

placed in the system . The aperture permits the NA to be var ied  eas i ly .

A photomul t iplier tube ( PMT) wi th  S—l sur face  was used as the detee -to r

instead of the avalanche photodiode (APD) previously used . The PMT s’h i m i —

nates a ds’ o f f s e t  problem inherent in the APD , adds mor e gai n , and s imp li-

f ies  elee’t r ica l  i n t e r f ac ing to the boxcar integrator . The f i r s t  t es t

pe rformed wi th  this OTDR was to  check the  r e p e a t a b i l i t y  of this new

system. Figure 51 shows two OTDR cha rac ter i za t  Ions  of G—4 000 made under

iden t i ca l  condi t ions .  The two traces are  nea r ly  impossible to  se’psl r ate ’

‘

~ 

• un t i l t he signal level approaches t h e  noise leve l , about 3 .5  km down the

f i b er. Also , the  f i ber OTDR charac ter i s t ic  had changed since the in i t ial

cha r a c t e r i zat i o n  on th is  f iber  (see Fi gu re 50) . There is an a d d i t i o n s u l

point  defect  600 m from end II~ the or i g i n  of t h i s  r e f l e c t i o n  was

investigated by unspooling the fiber. The defect was foun d to he a k i n k

in the f ibe r s’aused when one of the  mans’ [avers  of fiber on this spoci

slipped .
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Convinced ot ’ the repeatability of the new system , add i ti ona l

experiments were performed attempting to see’ the approach to steady—state

loss.  The two launch NAs used in this experiment were 0.07 and 0.11, the

fiber NA is nominally 0.16 and the core diameter is 65 pm. Figure 51

shows the r e su l t ing  OTDR characteristics.  The attenuation is measurabl y
different for the two different modal excitations. If straight l ines

are drawn through the two sets of data (in the f i r s t  1.5 km of f i be r )  and

the attenuation calculated , we find 1.9 dB/k m fo r  the 0.11 launch NA and

1.8 dB/knu fo r  the 0.07 launch NA. The two curves begin to overlap at the

point where the two lines just mentioned intersect. This is the expected

behavior if the mechanism that causes the mode mixing is constant along

the waveguide. It appears that the first continuous measurement of the

approach of f i b e r  a t t e n u a t i o n  to the s teady—sta te  has been pe r fo rmed .

Further work need be done to confirm this claim and to more fully charac— .

terize the length dependence of the attenuation.
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